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Compositions based on Ordinary Portland cement, Calcium aluminate cements and sulphates are 
extensively used in the market as technical mortars for concrete fast repair and protection, or flooring 
installation with self ‒ leveling compound. The phase composition of these mixtures differs from that 
of plain Portland cement and Calcium aluminate cement. In spite of the extensive use of these 
compositions in the industry, relatively little research on characterization and quantification of 
crystalline and X‒ray amorphous hydrates has been carried out.  
This dissertation aims to provide a comprehensive understanding of the evolution of solid phase 
composition with ongoing hydration in OPC‒rich and CAC‒CSതHX rich ternary binders. Within the 
work, two main subjects are thoroughly dealt with: (i) investigation into the formation of crystalline 
and amorphous hydrates on selected binders with the ultimate goal to strictly quantify the 
mineralogical changes over time, (ii) investigation into the influence of raw materials variation and 
water availability on the hydration mechanism and phase assemblage in ternary binders. The work is 
based on a multi‒method approach including XRD, TGA, MAS NMR spectroscopy, calorimetry, 
microscopy and thermodynamic calculations.  
From the combinations of results obtained from the different analytical methods, a schematic 
representation of the phase evolution with ongoing hydration in OPC and CAC‒CSതHX rich 
combinations was achieved, along with plots showing the distributing hydrate phases in the ternary 
diagram OPC‒CAC‒CSതHX. C‒S‒H, portlandite, ettringite and AFm phases stand as main hydration 
products in the OPC‒rich combinations. C‒S‒H accounts for almost 80% of the X‒ray amorphous 
fraction. In the CAC‒CSതHX rich combinations ettringite along with AH3, monosulphoaluminate, 
strätlingite and hydrogranet phases precipitate. The high portions of X‒ray amorphous fractions in 
such combinations were mainly attributed to AH3 gel and AFm phases. Additionally, comparison of 
QXRD results with stoichiometric calculations, thermal analysis and 27Al NMR revealed that a 
portion of the formed ettringite and portlandite are in an X‒ray amorphous state during hydration.   
The variation of CAC type and water content strongly influences the hydration mechanism and phase 
assemblage in the ternary binders, whereas differences in mixtures with different sulphate sources are 
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Al2O3 = A CaO = C SiO2 = S SO3 = Sത  CO2 = Cത Fe2O3 = F 
MgO = M TiO2 = T H2O = H 
 
Anhydrous phases 
C3S   3CaO·SiO2    Tricalcium silicate (Alite ) 
C2S   2CaO·SiO2    Dicalcium silicate (Belite) 
C3A   3CaO·SiO2    Tricalcium aluminate 
C4AF    4CaO·Al2O3·Fe2O3   Tetracalcium aluminate ferrite  
CA   CaO·Al2O3    Monocalcium aluminate 
CA2   CaO·2Al2O3    Monocalcium dialuminate 
C2AS   2CaO·Al2O3    Gehlenite 
CT   CaO·TiO2    Perovskite 
CCത   CaCO3     Calcite 
 
Hydrated phases 
C‒S‒H   CaO‒SiO2‒H2O   Calcium silicate hydrate 
CH   CaO·H2O    Portlandite 
C3A·3C Sത·H32  3CaO·Al2O3·3CaSO4·32H2O  Ettringite 
C3A·C Sത·H12  3CaO·Al2O3·CaSO4·12H2O  Monosulphoaluminate 
C3A·CCത0.5·H12  3CaO·Al2O3·0.5CaCO3·12H2O  Hemicarboaluminate 
C3A·CCത·H11  3CaO·Al2O3·CaCO3·11H2O  Monocarboaluminate 
C2ASH8  2CaO·Al2O3·SiO2·8H2O  Strätlingite 
C3(A,F)H6  3CaO·(Al2O3,Fe2O3)·6H2O  Hydrogarnet 
TAH        Third‒Aluminate‒Hydrate 
 
Materials 
OPC Ordinary Portland Cement 
CAC Calcium Aluminate Cement 




Techniques of investigation  
XRD – X‒ray diffraction 
XRPD – X‒ray powder diffraction 
QXRD – Quantitative X‒ray diffraction 
TGA – Thermogravimetric analysis 
DTG – Differential thermogravimetry 
MAS NMR – Magic‒angle spinning nuclear magnetic resonance 
SEM – Scanning electron microscopy 
XRF – X‒ray fluorescence 
PSD – Particle size distribution  
GEMS – Gibbs Energy Minimization (Thermodynamic Simulation)  
 
Other  
w/c Water to cement ratio 
w/b Water to binder ratio  
wt.% Weight percent 











1.1 Background  
Ternary binder systems are composed of three mineral components, which are Ordinary Portland 
cement (OPC), Calcium Aluminate cement (CAC) and Calcium Sulfate (CSതHx). These compositions 
are extensively used in the so‒called “Building Chemistry Industry” as technical mortars for concrete, 
tile adhesive mortar, waterproofing slurry, grout mortar, screed binder, and repair adhesive or fast 
repair and protection or flooring installation with self‒levelling underlayments (SLU). Most of the 
mechanical properties depend on the amounts of the raw materials and a classification of the applied 
formulations in industrial mixes is given in Fig.1.1 Five main regions can be distinguished in the 
ternary diagram.  
 
Fig.1.1: Distinct compositions in ternary binder systems used for industrial applications [1]. 
Two of these regions (1 & 2) are part of the so‒called OPC ‒ rich area. They are characterized by 
high amounts of OPC and moderate amounts of CAC (region 1) or moderate addition of CAC/CSതHx 
(region 2). The addition of CAC in region 1 provides early strength and quick setting, by disturbing 
the equilibrium between C3A and the sulphate ions. However, the strength values for the mix are 
below the strength values of the plain OPC. Improved hardening is achieved in region 2 by the 
addition of sulphates.  




Region 3 is part of the so‒called CAC rich area. The compositions located in this zone of the ternary 
diagram exhibit fast hardening kinetics, fast setting, internal‒drying capacity and shrinkage 
compensation due to the formation of ettringite. The sulphate resistance is increased due to the 
absence of CH or soluble ions. Mixtures in region 4 are characterized by fast setting which occurs 
through the increase of C/A ratio in solution from OPC addition [1]. Region 5 corresponds to the plain 
CAC which has been developed as cement with high sulphate resistance, due to the absence of 
portlandite.  
Fig. 1.2 shows examples of the use of ternary binder systems in the industry.  
 
Fig.1.2: Application examples of ternary binders. 
They find extensive use indoors, for instance in apartments, stores, factories, office buildings, schools, 
hospitals, parking lots etc. Outdoors their use is limited due to the low durability capacity.  
 
1.2 Research motivation and objectives  
Ternary binder systems exhibit a very complex hydration mechanism as compared to plain OPC or 
CAC pastes. The phase composition and microstructure also varies from that of pure cement.  
The complexities of the mechanisms involved in the hydration process of ternary binders have been 
reported in few studies. Besides the complexity of the hydration mechanisms, what still a major point 
of debate as the hydration process concerns, is the formation of a considerable fraction of X‒ray 
amorphous hydrates and their composition. AH3 and C‒S‒H are assumed to be part of it, while it 
could also contain other hydrates not detectable by the X‒ray diffraction techniques (XRD) or 
thermogravimetry (TGA). The vast majority of published data on the matter focuses on calcium 
sulfo‒aluminate (CSA) based systems, while little work is done on the characterization and 
quantification of crystalline and amorphous phases formed in mixtures of OPC, CAC and sulphates. 
Therefore, a comprehensive study on the hydration mechanism and hydrate phase formation in ternary 
binder systems was conducted. The purpose of the work is to describe the hydration mechanism and 
phase formation of OPC and CAC dominated ternary binders, with a special focus on the 
quantification of crystalline and amorphous phase evolution over time. To assess a comprehensive 




understanding of the crystalline and amorphous hydrates, a multi‒method approach including XRD, 
TGA, 27Al NMR, 29Si NMR spectroscopy and thermodynamic calculations was developed. Selected 
compositions from both OPC and CAC rich areas were investigated between 2 hours and 90 days of 
hydration. The hydration and phase formation of plain OPC was also investigated for the sake of 
comparison. The main objectives can be summarized as follows: 
 Development of a multi‒method approach in order to obtain a full mineralogical description 
of hydrates in ternary binders, including the quantification of crystalline and X‒ray 
amorphous phases.  
 Description and schematization of similarities and differences between the OPC and CAC 
rich combinations in terms of hydrate phases.  
 Determination of the influence of different parameters such as raw materials and water 
availability on the crystalline and amorphous phase content, hydration mechanism, and 
microstructure of ternary binders.  
 
1.3 Thesis outline 
The thesis is organized into nine chapters.  
Chapter 1  describes the background, motivation and main objectives of the study.  
Chapter 2  summarizes literature review on the hydration and phase formation in OPC, CAC, 
and ternary binders. 
Chapter 3  provides background on the main analytical methods applied through the work. 
Chapter 4  describes the raw materials, the choice of formulations used in the study and 
experimental conditions. 
Chapter 5  presents qualitative, and quantitative analysis results of crystalline and X‒ray 
amorphous phase assemblage detected in plain OPC and selected ternary binders as a function of 
time. The chemical composition of the X‒ray amorphous fraction is assessed by mass balance 
calculations, while the amount of main hydrate phases obtained from different methods are compared. 
Chapter 6 shows results on the influence of sulphate source variation, type of CAC and water 
content in the hydration mechanism, phase formation and microstructure of ternary binders. 
Chapter 7 presents results of thermodynamic modelling applied in selected formulations. The 
obtained results are compared with the experimental evidence.  
Chapter 8 provides a schematic presentation of the evolution of hydrates as a function of time in 
OPC‒rich CAC‒CSതHx rich formulations along with the distribution of hydrates phases in the ternary 
diagram OPC‒CAC‒ CSതHx. 
Chapter 9 summarizes the main findings of this work. Perspectives for future research are given.





2 Literature review 
 
2.1 Hydration of Ordinary Portland Cement  
Ordinary Portland cement (OPC) is the most common type of cement in general use around the world, 
produce by heating a mixture of limestone and clay, or other materials of similar bulk composition 
and sufficient reactivity, ultimately to a temperature of about 1450 °C [2]. Clinker contains four main 
crystalline components, as alite, belite, aluminate phase and ferrite phase. Alite (C3S) is a solid 
solution of tricalcium silicate and belite (C2S) is a solid solution of dicalcium silicate. Tricalcium 
aluminate (C3A) and ferrite (C4AF) constitute the interstitial phase. C3S is the most important 
constituent of all normal Portland cement clinkers and its content varies in the range of 50 to 70 % of 
the total compositions. The amount of C2S lies in the range of 15 – 30 %, whereas C3A and C4AF 
account for only 5 – 10% of the whole composition. Other minor phases, such as gypsum, quartz, 
calcite or free lime are also present [2]. Gypsum is added to clinker during the grinding process and its 
content varies between 2‒5 wt.%. 
The hydration of cementitious materials is a dissolution‒precipitation process as originally proposed 
by Le Châtelier [3]. Based on the knowledge of the crystal structure of the anhydrous and hydrate 
phases, it becomes clear that one cannot transform to the other without the passage of ions through 
solution [4]. Consequently, for hydration to occur, the potential hydration products must have a lower 
solubility than the anhydrous phases.  
The hydration of OPC is a sequence of overlapping chemical reactions between clinker components, 
calcium sulphate, and water, leading to setting and hardening. Major reviews on the hydration 
mechanisms of OPC have been published [5][6][7][8]. An oversimplified but convenient way of 
following the progress of cement hydration reactions is by using the heat evolution curves, which can 
be monitored by isothermal calorimetry. A plot of the total heat flow is schematically shown in 
Fig.2.1. There is a wide agreement that the hydration process is divided into five periods, depending 
on the changes in the rate of reaction during each period. 
 
Period I – Pre‒induction period 
On the first contact of the cement particles with water, rapid dissolution of most of the clinker phases 
and sulphates begins. C3A phase is the first to dissolve, giving a flush of calcium and aluminium ions 
into solution. C3A and the sulphate source go into reaction and the precipitation of a hydrated layer 
over the surface of the cement particles takes place. This layer is being referred to as ettringite. In the 




very first minutes of ettringite is often poorly crystalline and difficult to detect by XRD [9]. Reactive 
C3S also releases portlandite and C−S−H into solution but usually contributes to the initial heat 
release much less as compared to the aluminates. The only component not observed going through the 
solution is iron. Evidence suggests that it remains mostly undissolved in the form of a hydrated oxide 
coating the surface of the aluminaferrite phase [10].  
 
Fig. 2.1: Schematic representation of the different periods during the hydration of OPC [5]. Nomenclature 
according to Taylor [2]. 
 
Period II – Induction/Dormant Period 
The pre – induction period is followed by a significant slowdown of the reactions and low chemical 
activity. The sulphate concentration is constant up to the middle of this period and then decreases 
linearly until complete disappearance [11]. In order to explain the mechanisms behind the existence of 
this period of low activity, several theories have been proposed. One of the earliest and still most 
accepted theories is that a protective hydrate metastable layer forms around the C3S particles during 
the induction period, thus effectively passivating the surface and restricting its access to water 
[12][13][14]. The induction period terminates when the primary hydrate converts into another hydrate 
more permeable to water [12], or rapture of the protective membrane due to osmotic pressure [15] 
occurs. The formation of an electrical double layer of Ca2+ ions build close to the surface of particles 
has been alternatively hypothesized as a reason for inhibiting the dissolution during the induction 
period [6]. Tadros et al. [16] proposed that the formation of the double layer requires incongruent 
dissolution with Ca2+ and OH‒ moving rapidly into solution and giving a charged SiO2 − rich surface 
layer. The electrical double layer would be a result of the subsequent re‒adsorption of the calcium 




ions on the negatively charged surface. According to the authors, the induction period ends when 
supersaturation of the liquid phase, with respect to CH solubility, causes the formation of CH and 
C−S−H nuclei, which act as sinks for the silicate and calcium ions in the solution. Contrarily, Juilland 
et al. [17] does not take into account the formation of a protective phase and proposes a new 
mechanism based on a geochemical approach of crystal dissolution. It is implied that the slowdown of 
the reaction is due to the slow dissolution of alite, as the solution becomes saturated with ions.  
 
Period III – Acceleration period 
This stage is mainly referred to a massive and fast dissolution of silicate phases (C3S > C2S) coupled 
with massive precipitation of C−S−H and portlandite. The rate of heat evolution rises again and 
nucleation and growth of these hydrates is the rate controlling factor. At this stage, further 
precipitation of ettringite takes place. Under normalized conditions of hydration, the end of the start of 
the acceleration period is reported to correlate with the initial set of the cement paste, while the final 
set occurs about mid‒way through the acceleration period [7].  
 
Period IV – Deceleration Period 
During the IV stage of hydration, the silicate reaction slows down, while the deceleration continuous 
to a point where the rate of hydration becomes dependent on the rate of water diffusion through the 
hydrated layer. Generally, the sulphate source is completely consumed and ettringite converts into 
monosulphoaluminate or carbonate equivalents. 
 
Period V 
The very final period is a diffusion‒controlled process followed by gradual densification of the 
microstructure. This trend has been attributed to the onset of a “diffusion regime” across a dense layer 
of C−S−H formed around the anhydrous grains. It continues up to complete hydration, which might 
take years.  
 
Independently of the complexity of reaction processes, simplified equations are used to illustrate the 
formation of hydration products. The expected major reactions involving C3S, C2S, C3A, and C4AF 
are listed below: 
a) Silicate reactions 
The formation of C−S−H and CH occurs according to equation 2.1 and 2.2 
3 (3 ) (3 )x yC S y x H C SH x C H            (2.1) 




2 (2 ) (2 )x yC S y x H C SH x C H            (2.2) 
where x=Ca/Si and y=H2O/Si. 
Both x and y vary through the reaction thus causing a variation in the composition of C−S−H.  
The Ca/Si ratio of C‒S‒H varies as a function of water amount, the hydration time, temperature and 
also the composition of the cement [18][19][20]. The Ca/Si ratio is in the range of  ̴ 1,7‒2.1, with 
Ca/Al ratio ̴ 20‒30 and Ca/ܵ̅ ̴ 25 [21][22]. The hydration of C2S leads to the same products as C3S but 
the hydration rate is slower. 
 
b) Aluminate and ferrite reactions 
As the reaction of aluminate and ferrite phases is concerned, two cases can be recognized:  
Absence of sulphate source in the OPC: 
In absence of sulphate in the OPC, C3A directly reacts with water to form C‒A‒H phases (2.3). These 
phases are unstable and rapidly convert to C3AH6 (2.4).  
3 4 13 2 82 21C A H C AH C AH            (2.3) 
4 13 2 8 3 62 9C AH C AH C AH H           (2.4) 
The ferrite phase reacts with water according equation (2.5): 
4 4 13 2 8 332 2( , ) ( , ) ( , )C AF H C A F H C A F H A F H          (2.5) 
The formation of C‒A‒H phases from C3A reaction leads to flash setting of the cement paste [6], 
hence the importance of the sulphate source in the Portland cement .  
Presence of sulphate source in OPC 
The reaction of aluminates and ferrite phases with sulphates leads to ettringite formation according to 
equation 2.6 and 2.7. The hydration of the ferrite phase is similar to that of C3A [23] but slower.  
3 2 3 3 23 2 6 3C A C S H H C A C S H         (2.6) 
4 2 6 3 323 25 ( , )C A F C H C SH H C A F S H         (2.7) 
When the entire sulphate source is consumed, ettringite becomes unstable and transforms to 
monosulphoaluminate.  
3 3 32 3 122 3 4 3C A C A C S H H C AC S H          (2.8) 
34 6 32 4 12 37 3( , ) ( , ) ( , )C AF C A F S H H C A F SH F A H           (2.9) 
In equation (2.5), (2.7) and (2.9), the term (A, F) indicates aluminium with the variable substitution of 
iron and the term (F, A) indicates iron with the variable substitution of aluminium. During ferrite 
reaction with ettringite ( reaction 2.9) an amorphous phase, presumably, aluminium substituted 
Fe(OH)3 is also formed [24]. 




Furthermore, if the calcite phase is present in OPC, the formation of carbonate‒AFm phases 
(i.e.,hemi‒and/or monocarboaluminate) instead of monosulphoaluminate occur. Typically, 
monocarboaluminate (C4ACH11) forms from the reaction of C3A with calcite (reaction 2.10), and 
hemicarboaluminate (C4AC0.5H12) forms under carbonate‒deficient conditions by the reaction of C3A 
and CH (reaction 2.11).  
3 4 1111C A C C H C ACH           (2.10) 
0 53 4 120 5 0 5 11 5C A C C CH H C AC H    .. . .        (2.11) 
Both carbonate AFm phases stabilize at expense of the sulphate, thus limiting the transformation of 
ettringite to monosulphoaluminate [25][26].  
The sequence of hydrates formation as a function of time has been schematically depicted by Locher 
[27].   
 
Fig. 2.2: Schematic representation of the formation of the hydrates during the hydration of plain Portland 
cement [27] .  
According to Locher, initially, within an optimally adjusted sulphate source, small quantities of 
ettringite and portlandite form during the first hydration stage, while the cement paste still plastic. 
After a certain time, within the first hydration stage, a labile microstructure involving strip‒shaper 




ettringite and small quantities of C‒S‒H forms, thus causing the cement paste to set. In the second 
stage of hydration large quantities of long C‒S‒H fibers are produced (acceleration period). At the 
same time, more ettringite along with monosulphoaluminate and calcium aluminate hydrates form. 
This results on the development of a basic microstructure, characterized by a high porosity. After 24 
hours the third hydration stage begins, during which the voids of the hardened cement paste are 
increasingly filled with short fibers of C‒S‒H. At this point of time, the calcium silicate gel is 
intimately intermixed with and other hydration products.  
 
2.2 Hydration of Calcium aluminate cement  
 
Calcium Aluminates Cements (CAC) are hydraulic binders that were developed and commercialized 
in the late 19th and early 20th century, as an alternative to Portland cement. The development of CACs 
emerged from the need to develop cement resistant to sulphates and seawater. CACs have different 
properties, chemistry and manufacture as compared to Portland cement. 
There are two major types of CACs: 
1) The ‘normal product’, which is dark grey or black in colour, and can be employed over a wide 
temperature range. 
2) The white varieties that are utilized primarily for refractory purposes at high temperatures and 
sometimes for appropriate decorative usage. 
In chemical terms, these two types are broadly similar in their main cementing behaviour, with the 
white CAC having more alumina and the dark grey/ black CAC more iron‒containing phases.  
The chemistry of CAC can be considered in the CaO‒Al2O3‒SiO2 and CaO‒Al2O3‒Fe2O3 system as 
shown in Fig.2.3. 
 
Fig. 2.3: (a) Part of the CaO‒Al2O3‒SiO2 phase diagram. (b) Part of the CaO‒Al2O3‒Fe2O3 phase diagram. 
Point X and Y represent the composition of Ciment Fondu (dark grey/black CAC) excluding iron oxide and 
silica respectively [28]. 




The main phase of CAC is monocalcium aluminate (CA) with a monoclinic structure, with 60‒70 wt. 
% being common in dark/gray‒black CACs. In white CACs, CA may actually be lower than 60–70 
wt. % and CA2 has significant content. The CA present in industrial cement is a solid solution, which 
usually has a higher refractive index than the pure compound due to the presence of iron. Other 
important phases are C12A7 and CA2. C12A7 is usually present in the range of 2‒5 wt.% and causes a 
greater rate and degree of hydration than CA [29]. 
Silica is presented in the form of C2S (belite) and C2AS (gehlenite).	Small quantities of β‒C2S are 
usually formed in CAC melts, which solidify upon cooling. Depending on the iron content, C4AF and 
FeO are also present. The composition of C4AF varies in terms of its A/F ratio. This ratio depends on 
the amounts of SiO2, TiO2, and MgO or other elements in solid solution [28]. Other minor phases that 
can be found in the calcium aluminate cements are Perovskite and Pleochroite. 
Phase determination in CAC cement is more difficult than for OPC since. Up to now, X‒ray 
diffraction is the main technique utilized for determining the principal phases present in CAC cement 
[30][31][32]. 
The mechanism of hydration of CAC is generally accepted to be through solution [29], i.e. dissolution 
of the anhydrous phases followed by precipitation of hydrates from solution. The main phase CA 
dissolves as soon as encounters water leading to the formation of Ca2+ and Al(OH)‒4 ions. A 
hydroxylated surface layer composed of Ca[Al(OH)4]2, develops around the CA phase which 
dissolves congruently and is continuously regenerated as new areas of the surface are exposed. The 
pH value of the liquid phase increases up to 12 [33]. When supersaturation is reached, calcium and 
aluminium ions can combine in variable ratios to precipitate different hydrates, mainly consisting on 
the formation of calcium – aluminate – hydrates (C‒A‒H) such as CAH10, C2AH8, C3AH6, and AH3. 
The aluminium hydroxide phase (AH3) can be in a crystalline or amorphous form. Studies report that 
during the so‒called induction period, the solution in the paste is temporarily equilibrated with both 
superficially intrusion‒hydrated CA particles and AH3 gel, formed by dissociation of Al(OH)‒4 ions 
[33][34]. After nucleation, the main reaction proceeds in accordance with a dissolution‒crystallization 
mechanism.  





Fig. 2.4: Solubility curves of the CaO‒Al2O3‒H2O system calculated at 5, 20 and 40 °C. (A) Poorly crystalline 
AH3, (1) CAH10, (2) C2AH8 and (3) C3AH6 [2]. 
The solubility of the hydrates as their nature, changes as a function of the temperature. This effect is 
shown in Fig. 2.4, where the phase forming is linked to the evolution of the concentrations in solution 
by the solubility curves of the CaO‒Al2O3‒H2O system. CAH10 is more dependent on the temperature 
as compared to C2AH8 and C3AH6. As shown, its solubility increases with the temperature and at 5◦C 
becomes highly supersaturated. When the temperature increases to 40◦C, the solution becomes rapidly 
supersaturated with respect to C3AH6. From there, the hydration process results in the formation of 
metastable and stable hydrates. Metastable hydrates are formed in the temperature range below 50‒60 
°C. 
Some of the main reactions taking places as the hydration proceeds are as follows:  
1010CA H CAH        (2.12)  Low temperature < 15 °C 
2 8 32 11CA H C AH AH       (2.13)  Intermediate temperature 27°C < T < 50 °C 
3 6 33 12 2CA H C AH AH       (2.14) High Temperature > 50 °C 
C3AH6 and AH3 are the unique stable hydrates within the C−A−H system, while CAH10 and C2AH8 are 
metastable and tend to convert subsequently to C3AH6, and AH3 [35]. The transition from metastable 
to stable hydrates is called conversion. The conversion of hydrates can be described by the below 
reactions:  
10 2 8 32 9C A H C A H A H H     (2.15)  Conversion reaction 
1 0 3 6 33 2 1 8C A H C A H A H H     (2.16)  Conversion reaction 
2 8 3 6 33 2 9C AH C AH AH H      (2.17)  Conversion reaction   
Studies conducted from Rashid et al. [36][37] using fast time‒resolved synchrotron radiation‒energy‒
dispersive diffraction extended the understanding of these reactions, and in particular, they revealed 




the presence of both α and β forms of C2AH8 during the conversion scenario. They concluded that the 
hydration of CA and its conversions occur according to the following chain of transformations: 
10 2 8 2 8 3 62 α βCAH C AH C AH C AH            (2.18) 
The transformation progression in equation 2.18 is indicative of a solid‒state reaction with the 
penultimate phase acting as a nucleation agent for the C3AH6 growth. This is quite different from the 
concept of direct CAH10→C3AH6 transformation which is invariably described as a through solution 
mechanism.  
According to their studies, there are two alternative structural pathways: 
2 8 3 6α C AH C AH                      (2.19 a)  
2 8 2 8 3 6C AH C AH C AH            (2.19 b) 
At 50 °C, it appeared that the latter was favoured. The authors do not consider α and β‒C2AH8 to be 
intermediates in the sense that the whole reaction, i.e. CAH10→C3AH6, passes through these two 
phases. Instead, an initial fraction passes through the intermediate(s) after which C3AH6 becomes 
self‒nucleating.  
 
Fig.2.5: Various pathways illustrated for the transformation of CAH10 into C3AH6 plus AH3 and water, based on 
studies between 50 and 90 °C [36].  
Afterwards, the nucleation proceeds directly from ingredient to product according to the sequence 








2.3 Ternary binders 
 
2.3.1 Hydration 
As already introduced, the ternary binders are a combination of OPC, CAC and calcium sulphates 
(Cܵ̅Hx). Several researchers [1][38][39][40][41][42] report the use of these compositions in building 
chemistry as technical for concrete fast repair and protection, or flooring installation with selfleveling 
compounds. One the main characteristic of these compositions is the fast setting and the high strength 
development within hours. According to the mechanism proposed by Amathieu et al. [43] the fast 
setting of the binders is linked to the fast reaction of the CA phase with sulfate ions, rather than with 
C3A grains. Consequently, a layer of coating products is formed around C3A and the formation of 
ettringite occurs in the bulk of the paste. Although not really prove,  it is believed [43][44][45]that 
ettringite formation is the prime and sole cause of the fast setting of the ernary binder. The formation 
of ettringite occurs through‒solution mechanism [46].  
The hydration of ternary binders and the formation of hydrates is a complex phenomenon as there is 
much variability in anhydrous phases. Previous investigations were conducted to understand their 
complex hydration behaviours, which strongly differs from the hydration of pure OPC and pure CAC 
[40][45][47][48]. Depending on the initial anhydrous phases, when ternary binder systems 
(OPC/CAC/Cܵ̅Hx) encounters water, the following reaction take place: 
3 3 323 32 3 3( )C A C S Hx x H C A C S H            (2.20) 
3 32 33 3 38 3 3 2CA C S Hx x H C A C S H AH    ( )        (2.21) 
3 323 9 6 90 9 3( )CA C S Hx CH x H C A C S H            (2.22) 
 
where x = 0 for anhydrite, x = 0.5 for hemihydrate and x = 2 for gypsum. 
When the calcium sulphate is depleted, ettringite reacts with remaining anhydrous CA or C3A to form 
calcium monosulphoaluminate (AFm phase).  
3 32 3 12 36 3 16 3 4CA C A C S H H C AC S H AH           (2.23) 
3 3 32 3 122 3 4 3C A C A C S H H C AC S H           (2.24) 
For mixtures where OPC is the major component (CAC ˂ 20%), C‒S‒H is the main hydration 
product. Besides C‒S‒H also the formation of ettringite and C4AHx takes place [2][49]. In mixtures 
where CAC and Cܵ̅Hx are the major components, ettringite and AH3 are the main hydration products.   




Kigelman [45] presented an overview of the hydration sequences during the first 24 hours of 
hydration (Fig. 2.6) in two ternary binders (OPC‒rich, CAC‒rich). In the study, calorimetry was used 
as an index of the hydration kinetics. Characteristics events in the heat evolution and all possible 
reactions were assigned after the investigation with X‒ray diffraction and thermal analysis. 
 
Fig. 2.6: Characteristics heat flow curves for a) OPC rich ternary system b) CAC rich ternary system [45]. 
Within 10 hours, three distinct peaks were observed in the OPC dominated system. Those were 
associated with the dissolution of C3A, CA, and hemihydrate. Ettringite precipitates all along the 
hydration time. The fourth and fifth peak, 20 hours from the start of the hydration was related to the 
dissolution of C3S and consequently C−S−H formation (reaction 2.1). Due to the presence of calcite in 
the system, the formation of monocarboaluminate occurs instead of monosulphoaluminate. The 
calorimetry curve for the CAC dominated system shows a small increase of the heat flow during the 
first two hours and afterwards a significant peak at three hours of hydration due to the intensive 
precipitation of ettringite from CA dissolution. The two small peaks (#1, #2) were associated with the 
dissolution of hemihydrate and formation of secondary gypsum. The dissolution of C3S was 
questionable (peak #3), as no evidence of hydration products containing silicon were found. At a later 
stage ( peak #5) the conversion of ettringite to monocarboaluminate phases was assumed [45]. 
Hydration is strongly modified depending on the OPC/CAC and CAC/Cܵ̅Hx ratios. In OPC rich 
combinations, one of the main characteristic observed, when the OPC/CAC ratio falls into a certain 




range is the delay in the hydration of silicates [50][49][51]. Several models of hydration are suggested 
in order to explain the phnomena. 
Minard et. al [11] related the occurrence with C−S−H precipitation, suggesting that the delay on the 
hydration of silicates results from the variation of C−S−H growth. The growth of C−S−H gel depends 
on the concentration of Ca2+ in the solution. For low Ca2+ concentrations, several nucleation points 
would be formed around the anhydrous grains, covering the grains quickly and the hydration process 
would become a diffusion process.  
Combined examinations of calorimetry, XRD and SEM in OPC‒CAC mixtures carried out by Gu et 
al. [50][52] lead to the conclusion that the retardation is due to the formation of a diffusive layer 
around and unhydrated grains, which act as a physical barrier, thus impeding further contact between 
water and the inner surface of the particles. They postulated that the OPC/CAC ratio plays a key role 
in the regard. A mechanism for the delay of OPC hydration was proposed (Fig. 2.7) [50].  
 
 
Fig. 2.7: A schematic representation of early hydration mechanisms of OPC/CAC for (a) pastes containing less 
than 12.5% or more than 30% CAC, and (b) pastes containing 12.5%‒30% CAC [50]. In the picture, the 
abbreviation MS refers to the monosulphoaluminate phase. 
According to the conducted study, the hydration of OPC dominates in the mixtures containing less 
than 12.5 % CAC. Ettringite also forms and co‒deposits on the cement particle surfaces. When the 
amount of CAC falls in the range of 12.5‒30 wt. % a large amount of ettringite (along with other 
hydration products) forms a layer which covers the entire surface of the unhydrated grains. This 
barrier layer impedes the further hydration of cement grains thus resulting in a long induction period. 
The breakdown of the hydrated barrier may be caused by the conversion of ettringite to 
monosulphoaluminate or carbonate equivalents. Behaviour related to the dominance of CAC 
hydration was detectable only when the CAC content was greater than 30%. From a latter study 
conducted by Linglin et al. [53], it was found that the hydration of OPC in this type of mixtures is also 
sensitive to the content of the CA phase. The relation is so that the higher the content of the CA phase 
in CAC, the more obvious the hydration of OPC is delayed.  




Nicoleau et al. [54] investigated the influence of different ions activities in the dissolution of C3S. The 
study showed that the aluminate ions undergo covalent bonding and strongly inhibit the dissolution of 
C3S due to the condensation of an alumino‒silicate species at the outer surface of C3S. 27Al MAS 
NMR showed that these Si‒O‒Al bonds stabilize at high pH by calcium ions in the coordination 
sphere of aluminum ions.  
 
 
Fig.2.8: Heat flow curves for different C3S/CA mixtures (a, b) and concentration of Ca, Al, and Si in the 
mixtures C3S/CA 98/2 (c) and C3S/CA 85/15 (d) [55].  
 
Most recently, Nehring et al. [55] investigated the influence of initial CA dissolutions on C3S by 
means of calorimetry, X‒ray diffraction and pore solution chemistry. A wide range of C3S and CA 
mixtures at w/b ratio of 0.5 were investigated. Based on the calorimetry results, two different 
behaviors of the hydration were observed depending on the variation of C3S/CA ratio. CA additions ≤ 
3 wt. % shifted the main reaction peak to a later point of time compared with the pure C3S (Fig. 2.8a), 
whereas CA additions ≥ 5wt. % showed a separation of the calorimetry curve in three distinct kinetic 
steps (Fig. 2.8b). Both phenomena were accompanied by different phase development. For instance, 
for the mixture C3S/CA 98/2, the dissolution of C3S was followed by the precipitation of C‒S‒H and 
CH, whereas alumina was found incorporated in weakly crystalline hemicarboaluminate and C2AH8. 
For the C3S/CA 85/15 mixture, silicate was incorporated in C‒S‒H and C2ASH8. C‒S‒H first 




appeared at 30 hours from the start of hydration (step II and step III), whereas minor amounts of 
portlandite close to the detection limit, were identified only after ~40 hours of hydration. Besides 
C2ASH8, other aluminate bearing phases were CAH10 (step I), C3AH6 (step III) and 
hemicarboaluminate (step III). By comparing the calorimetry data with pore solution analysis, the 
authors concluded that the Ca/Al ratio in the pore solution is the main factor controlling the 
retardation of silicate reaction. In C3S/CA 98/2 mixture, the delayed silicate reaction started only 
when the concentration of Al dropped from 1.59 to 0.01‒0.02 mmol/L (Fig. 2.8c). In the same time, 
the Ca concentration increased from 11 to ~ 38 mmol/L. The authors suggested that as long as the Al 
concentration is high enough, the Ca goes into AFm phases. Only when the Al concentration 
decreases to a certain level, the Ca in the pore solution forms the first C‒S‒H nuclei. Similar 
concentrations of Al and Ca in the C3S/CA 85/15 mixture were achieved only at the third step of 
hydration (Fig.2.8d).   
 
Besides the OPC/CAC ratio, another factor that plays a key role in the hydration kinetics and phase 
formation of ternary binder systems is sulphate source. As far as the kinetics is concerned, the 
duration of the ettringite precipitation increases with the amount of calcium sulphate [56]. 
Furthermore, investigations on pure C3A and different types of sulphates carried out by Pourchet et al. 
[56] showed that a substitution of gypsum with hemihydrate increases the ettringite formation rate.  A 
certain form of calcium sulphate shows a particular solubility and rate of dissolution, which are key 
parameters for the morphology and spatial distribution of the hydrates. According to the study of 
Bayoux et al.[57] in diluted suspensions of CAC with gypsum or anhydrite, when gypsum is used a 
sulphate source the solution contains larger amounts of SO4‒ and Ca2+ ions and smaller amounts of 
Al+3 ions. Due to the high CaO/Al2O3 ratio, short, stubby crystals of ettringite are formed. In the case 
of anhydrite, the solution is poor in SO4‒ ions (slow dissolution rate). As the CaO/Al2O3 ratio is 
relatively small, anhydrite acts as a regulator of the precipitation of hydrates and long thin needles of 
ettringite are formed. The formation of ettringite as a function of sulphate source in ternary binders 
was thoroughly studied by Evju et al. [58]. The phase formation, the heat of hydration and dilatation 
in ternary systems consisting of 50 wt. % calcium aluminate cement, 25 wt. % Portland cement and 
25 wt.% calcium sulfate were investigated. The sulphate source was varied from ß‒hemihydrate and 
anhydrite. In presence of β‒hemihydrate ettringite appeared to grow in two‒stages, first a layer of 
small crystals covers the cement grains then larger crystals grow radially on the grains. Contrarily, in 
presence of anhydrite, the crystals of ettringite were found to grow arbitrary from solution, rather than 
on the cement grains. In spite the fact that the study provided a comprehensive kinetic description on 
the ettringite formation in the pastes, data on the quantification of ettringite as a function of sulphate 
source were not provided. Puri et al. [59] investigated the influence of components dosage and 
sulphate type on the nature of formed hydrates in OPC−rich ternary binders at long‒term hydration. 
Anhydrite and gypsum were varied as sulphate source. The rate of ettringite formation was found to 




be higher in the compositions with gypsum as compared with those containing anhydrite. X‒ray 
qualitative analysis (peak intensities) revealed that  for the specimens with gypsum, the maximum 
amount of ettringite forms after 1‒3 days and for the specimens with anhydrite after 3‒7 days of 
hydration. Variations of the amounts of the hydrates formed as a function of Portland cement 
composition and fineness, dosage, as well as the curing conditions were reported. Semi‒qualitative 
results in terms of ettringite contents as a function of sulphate source (anhydrite, α‒hemihydrate and 
gypsum) in OPC−CAC mixtures were later reported from Xu et al. [60]. It was found that the addition 
of calcium sulphate in the pure OPC−CAC paste accelerates the hydration. The results also showed 
that the type of sulphate determined the balance between the respective amounts of ettringite and 
AFm phases (monosulphoaluminate). Fig.2.9 represents the integrated area of XRD peaks for 
ettringite as a function of sulphate source, at different times of hydration. 
 
Fig.2.9: Integrated area of ettringite peaks from XRD patterns for OPC/CAC/ CSതHX mixtures as a function of 
curing time. The abbreviation A1, G1, H1 refer to anhydrite, gypsum, and α‒hemihydrate respectively [60]. 
When anhydrite is added to an OPC‒CAC matrix, the content of ettringite tended to stay relatively 
stable, while in presence of gypsum and hemihydrate a decreased in ettringite content results from the 
transformation to monosulphoaluminate. In the same study, SEM investigation showed that in 
presence of anhydrite as a sulphate source, ettringite would form directly on the surface of cement 
particles, opposite to the observations of Evju et al. [58] Ettringite and courses needles‒like secondary 










2.3.2 Structures and compositions of hydrate phases in ternary binders 
C‒S‒H  
Structural models of C‒S‒H 
As emphasized by Taylor [2], the notation ‘C‒S‒H’ is a generic name for any amorphous or poorly 
crystalline calcium silicate hydrate. The dashes indicate that no particular composition is implied. The 
literature has references to C‒S‒H and C‒S‒H gel. There are specifications that the C‒S‒H 
nomenclature should be confined to quasi‒crystalline or amorphous calcium‒silicate hydrates phases, 
whereas C‒S‒H gel relates to an assemblage of C‒S‒H on a colloidal scale which may be intermixed 
with other cryptocrystalline phases [5].  
Most of the models for C−S−H are based on the tobermorite structure, which is shown in Fig. 2.10. 
Silicate ions either share oxygen atoms with a central CaO2 core or bridge silicate tetrahedral. 
Interlayer calcium ions and water molecules are omitted for clarity. 
 
Fig.2.10: Projection of tobermorite structure viewed along a polysilicate chain in the bc, showing the three 
tetrahedral repeat in silicate chains parallel to b [61].  
Kantro et al. [62] proposed that tobermorite – type layers were interstratified with CH layers, while 
Stade and Wieker [63] suggested that Ca2+ and OH‒ could be present in the interlayer region of a 1.4 
nm tobermorite‒type structure. On this bases, Richardson and Groves [64] proposed a generalized 
formula for the C−S−H gel formed in C3S and β‒C2S pastes.  
(6 2 ) (3 1) (9 2) 2 2( )X n X n nCa H Si O zCa OH mH O                   (2.25) 
where: 
(3 1) (9 2)n nSi O   : represents the average silicate anion  
(6 2 ) n XH   :  represents the hydrogen atoms that are directly attached to the silicate anions  
The model was later extended to cement pastes by allowing the possibility of various ionic 
substations, such as Si+4 by Al+3 or Fe +3 and of interlayer Ca2+ by Na+ and K+ [65].  




Taylor [66] proposed a mixed tobermorite ‒ jennite structure which would account for the changes in 
the local distribution of Ca/Si ratio. The 1.4 nm tobermorite and jennite were considered to form 
separate layers. It was later found that the regions could be poorly defined as both structures merge 
into each other within individual layers [67]. Jennings [68] proposed another model according to 
which, clusters of C‒S‒H globules pack together in two packing densities known as high density HD 
C‒S‒H and low density LD C‒S‒H. 
However, it has been shown [69], that when models are proposed, it is necessary to take into account 
the local variability in crystallinity and the possibility of transitional intermediate structures between 
those of C‒S‒H and CH. In a recent study conducted from Cuesta et al.[70] the hydration of alite was 
investigated by combining several analytical methods such as In‒Situ Synchrotron X‒ray Powder 
Diffraction (SXRPD), 29Si MAS‒NMR spectroscopy, SEM, calorimetry. From the results, a 
multiscale model for C−S−H at the nano‒ and meso‒ scales was proposed. According to the authors 
[70], at the nanoscale below 10 nm, C−S−H gel is composed of a fine intermixing of defective 
clinotobermorite with particle sizes ranging 3–5 nm, Ca/Si ratio ~1.2, ρ ≈ 2.5 gcm−3, and monolayers 
of CH, ρ≈2.1gcm−3. At the mesoscale, between 10 and 100 nm, neat C−S−H gel appears with variable 
compositions, Si/Ca ratio and water content, centred at (CaO)1.8SiO2(H2O)4.0. At the microscale, 
above100 nm, heterogeneous (CaO)1.8SiO2(H2O)4.0 gel and homogeneous portlandite are arranged 
enclosing capillary water.  
Visually, two different types of C−S−H gel can be found, which the literature refers as outer C−S−H 
and inner C−S−H. The outer C−S−H is formed in the pore space outside the boundary of the grain, 
thus filling the space initially occupied by water. It is characterized by a relatively low density and 
forms in the early stage of hydration during the main peak. The inner C−S−H is formed within the 
original boundaries of the grains, thus being positioned in the areas initially occupied by cement 
particles.  It forms during the late stage of hydration. The outer product is mainly mixed with other 
phases as AFm, AFt, and CH, while the inner product is known to have a relatively stable 
composition. Detailed descriptions of the morphological variation of C‒S‒H phase at different stages 
of hydration under SEM and Transmission Electron Microscopy (TEM) can be found in the work of 
Diamond [71] and Jennings [72] respectively.  
 
Aluminium and sulphate substitution in C‒S‒H 
Aluminium is the main substituent in C−S−H. The maximum level of Al3+ substitution was found to 
be 0.26 [73], while the theoretical level is 0.33. Unlike Al3+ ions which are substituted in the C−S−H, 
sulphate ions are only absorbed [74]. Nearly half of the total sulfate, alumina, and iron present in the 
cement paste is found in C‒S‒H rather than in AFt and AFm phase[5]. The process of absorption of 
sulphates was found to be reversible [75], whereas the binding capacity of the C−S−H with sulphate 
ions depends on the Ca/Si ratio. An increase in the Ca/Si ratio increases the absorption of sulphate 
ions from C−S−H [76].  





Portlandite has a layer structure as shown in Fig.2.11. The calcium atoms are octahedrally 
coordinated, and the oxygen atoms are tetrahedrally coordinated. The interlayer forces are weak, with 
negligible hydrogen bonding, thus giving a good cleavage. Under ideal conditions of crystallization, 
calcium hydroxide forms hexagonal plates. 
 
Fig.2.11: Atomic structure of bulk portlandite: (a) tilted view, (b) top view of one layer [77]. 
The morphology is greatly affected by the admixtures [78]. In pure C3S pastes of normal w/s ratio, a 
TEM study shows CH to occur as large, imperfect crystals and no finely dispersed microcrystalline 
materials were observed [79]. TEM investigations conducted in Portland cement pastes at low w/c 
ratios have revealed the formation of a nanocrystalline form of calcium hydroxide [80]. The typical 
morphology observed was that of clusters of microcrystals in the form of lamellae ~10 nm thick, 
parallel to the basal plane embedded in the hydrated gel. Similar clusters, of a nanometer scale 
intimately mixed with C−S−H were later found in hardened pozzolanic cement pastes [81]. From both 
studies, what remained unclear were the conditions leading to the formation of nanocrystalline 
calcium hydroxide, and whether amorphous portlandite forms a large part of the total portlandite 
content. Differences between the amounts of Portlandite quantified by terms of X‒ray diffraction and 
thermal analysis in a set of Portland cement were also observed by Midgley [82]. The QXRD gave the 
lowest estimation of CH with a difference of about 2.7% compared to the thermal analysis. This 
occurrence was justified by the presence of 2.7 % amorphous CH in the samples. In the same study, 
electron microscopy showed many small globular particles with a diameter of about 0.1 µm which 
were considered to be X‒ray amorphous CH. 
 
Ettringite 
Crystal structure and morphology of ettringite 
The AFt (Al2O3‒Fe2O3‒tri) phases belong to the ettringite group of minerals, with a general formula: 




 3 6 2 3 22( , )( ) 12Ca Al Fe OH H O X xH O                 (2.26) 
where X represents one formula unit of a double charged, or, with reservation two formula unit of a 
single charged anion; and x ≤ 2.  
Ettringite is the most important AFt phase and at the same time the main hydration product formed in 
ternary binder systems. The crystal structure of ettringite was initially reported by Moore and Taylor 
[83][84]. They used X‒ray single crystal techniques to investigate its structure. Since then, neutron 
diffraction [85] and time‒of‒flight neutron diffraction techniques [86] have been used to precisely 
determine the locations of the atoms in the structure, especially the missing positions of the hydrogen 
atoms. The crystal structure of ettringite is shown in Fig. 2.12. In principle, ettringite has a hexagonal 
structure based on columns and channels. The columns run parallel to the crystallographic c‒axis of 
the crystals They consist of edge‒sharing (Al,Fe)(OH)6 octahedra alternating with triangular groups of 
edge‒sharing CaO8 polyhedra.  
 
Fig. 2.12: Crystal structure of ettringite. Left side; (A) Structure of ettringite column, one‒half unit cell. The 
structure is parallel to the c crystallographic axis. (B) View of a‒b plane. Circles represent ettringite columns; 
regions between columns are channels containing water and sulphate molecules [87]. Right side; Structure of 
ettringite in the b‒c plane from Neunhoeffer [85] and adapted from Pedersen [88]. Ca = blue polyhedra, Al = 
grey octahedra, Sത = yellow tetrahedra, O = red and hydrogen = white. Dashed lines indicate hydrogen bonds and 
the unit cell is illustrated as the black square. 
Each Ca atom is also coordinated by four H2O molecules, which form the cylindrical surface of the 
column. Between the columns are channels containing sulphate tetrahedra and zeolitic water [2]. Each 
channel contains four sites; three occupied by sulphate and one by two water molecules. Ideally, 
ettringite contains 32 molecules of water, of which 30 are fixed in the columns and 2 molecules of 




zeolitic water more loosely bound in the channels. These two waters are zeolitic in the sense that they 
can be lost or gained reversibly without significant change in the unit cell size or crystallinity [89]. 
The water molecules transferee the charge from calcium aluminate ions to the negative sulphate ions 
giving cohesion to the crystal 
For ettringite X = SO42‒ and the structural formula of ettringite is given by the following expression: 
6 6
6 2 12 2 4 224 3 2[ ( ) ] [ ]Ca Al OH H O SO H O
           (2.27) 
where the first bracket corresponds to the columns and the second to the channels.  
The formation of ettringite results from nucleation and growth from an aqueous solution as described 
by equation (2.28).  
2 2
4 4 2 2 3 4 26 2 ( ) 3 4 26 3 3 32Ca Al OH SO OH H O CaOAl O CaSO H O
                   (2.28) 
The rate of nucleation of and crystal growth of ettringite from ions into solution strongly depends the 
saturation coefficient β given by equation (2.29). 
2 4 2
4
6 2 3 4
( )
( ) ( ) ( ) ( )
Ca Al OH SO OH
a a a a
Kett
               (2.29) 
where Kett is the soloubility coefficient of ettringite and equals to 4.9×10‒44 
Depending on the conditions, ettringite crystallizes as short/ long‒needles like crystals or prisms with 
hexagonal structure. Visualization of the both morphologies of ettringite are shown in Fig. 2.13. 
 
Fig.2.13: SEM micrograph of ettringite crystals with different morphologies [90] 
However, it has been shown [46] that in the presence of lime the nature of ettringite formed is 








Structural changes of ettringite (“Metaettringite”) 
Below n = 30 ettringite is known to undergo a series of structural changes. The decomposition of 
ettringite in vacuum was first described by Skoblinskaya et al. [91][92] and four discrete stages were 
identified. In the initial stage, zeolitic water was lost and the water content decreases from 32 to ̴ 30 
H2O per formula unit. In the second and third stages, water bonded to Ca atoms was lost decreasing 
from 30 to n = 18. In the final stage, the loss of the remaining 12 molecules of water bound to the Ca 
atoms was resulted in the formation of an amorphous decomposition product. Zhou et al. [89] [93] 
investigated the stability of ettringite as a function of water vapor pressure (PH2O) and the temperature. 
It was found that decomposition and reformation of ettringite occurred reversibly, but only with 
hysteresis, in the range of 0.04–0.5 Bar and at temperatures between 55 and 95 °C. Fig. 2.14 shows a 




Fig: 2.14: An isobaric plot showing the water content composition of ettringite at P = 75 Torr. Arrows show the 
direction of semistatic temperature change [89] 
The decomposition product, named metaettringite with a variable water content from 10 to 13 H2O 
was formed in the range of water vapour pressures 30‒400 Torr. The product was found to be 
amorphous to X‒ray diffraction. However, the electron diffraction pattern of metaetringite was 
similar to that of ettringite, but with a considerably reduced from ̴ 1.123 nm to 0.85 nm [89]. The 
rehydration of ettringite occurred at relatively high pressure of PH2O and at every temperature. This 
was related with the condensation of water on crystal defects and surface, thus initiating the 
nucleation of ettringite.  
Solid solutions of ettringite 
Ettringite is more stable with SO42‒ contents, but normally partial replacements by OH‒ and CO32‒ 
have to be taken into account.  Solid solutions of ettringite containing OH‒ and CO32‒ were 
investigated and reported by Pöllman and Kuzel [94]. With increasing incorporation of CO32‒ in the 
crystal lattice of sulphate ettringite the lattice parameter c decreases as shown in Fig. 2.15a. If 2/3 of 
the sulphate is replaced by carbonate ions, a miscibility gap occurs and solid solutions form. 




Investigations by X‒ray diffraction show that the lattice parameter c decreases even when 
incorporation of OH‒ ions occurs. As shown in Fig 2.15b, with decreasing amounts of SO42‒ a 
miscibility gap exists. In all cases, the stability of the solid solution depends on the SO42‒ content.  
 
 
Fig.2.15: Variation of the lattice parameter c of solid solution series of (a) sulphate ettringite – carbonate 
ettringite (b) sulphate‒ettringite –hydroxide ettringite [94]. 
By SEM investigations it was further found that once that, the solid solutions are formed, the lattice 
parameter of hydroxide‒ettringite remains constant, whereas those of the solid solutions decrease 
further. The pursuing decrease of the lattice parameters was associated with further replacement of 
SO42‒ or the non‒equilibrium conditions in the system caused by the high solubility of hydroxide‒
ettringite [94].  
 
AFm phases 
Crystal structure and morphology of AFm phases.  
AFm phases (Al2O3‒Fe2O3‒mono) phases are hydrated tetracalcium aluminate‒ferrite compounds 
belonging to the lamellar double hydroxide family. The general formula is
2 6 2[ ( , )( ) ]Ca Al Fe OH X yH O  , where X is an exchangeable charged anion (one formula unit of a 
singly charged anion: OH‒, Cl‒, [AlSi(OH)8]‒, or half formula unit of a double charged anion: S𝑂4
2−, 
C𝑂3
2−). Other tripositive cations such as Fe3+ or Cr3+ may substitute aluminum.  
 
Fig.2.16: Schematic representation of the lamellar structure of an AFm phases [95]. 




Fig. 2.16 shows a schematic representation of the lamellar AFm structure. The interlayer thickness 
depends on the nature of X anion and the amount of interlayer water [2]. The anion content depends 
on the cement composition. The below table summarizes the main AFm phases found in ternary 
binder systems. 
Table 2.1: Main AFm phases found in ternary binder systems 
Anion Formula Compound name 
Sࡻ૝૛ି C3A·CaSO4·xH2O Monosulphoaluminate 
OH‒, Cࡻ૜૛ି C3A·Ca[(OH)(CO3)0.5]·xH2O Hemicarboaluminate 
Cࡻ૜૛ି C3A·CaCO3·xH2O Monocarboaluminate 
AlSiO8ࡴૡି  C2ASH8 Strätlingite 
OH‒ C3A·Ca(OH)2·xH2O Hydroxyl‒AFm 
 
In ternary binder systems, the common anions are hydroxide and sulphate (OH‒, S ସܱଶି). The 
formation of monosulphoaluminate is sensitive to the CaCO3 content transforming to its analogues 
with a carbonate (ܥܱଷଶି) anion. Strätlingite is another form of AFm phases, where interlayer anion 
would be an aluminosilicate (AlSiO8ܪ଼ି ). The formation of strätlingite has been observed in 
OPC−CAC mixtures [28] and CAC−Cܵ̅Hx blends [96]. AFm phases are difficult to study, because of 
their lower crystallinity and formation of solid solutions, which modifies the positions and the 
intensities of the main reflections in the diffraction pattern. It has been previously noted by comparing 
XRD and 27Al NMR experiments [97][98] that AFm phases have low crystallinity thus making their 
identification/quantification by X‒ray technique difficult.  
Fig. 2.17 shows typical hexagonal morphologies for selected AFm phases.  
 
Fig. 2.17: SEM micrographs of (a) monosulphoaluminate, (b) hemicarboaluminate and (c) strätlingite [95]. 
Solid solutions of AFm phases 
Depending on the AFm type, different cases of solid solution formation can be distinguished. For 
instance, monosulphoaluminate and hydroxyl‒AFm show the formation of solid solutions [99][100]. 
Examinations by X‒ray diffraction revealed that the miscibility gap between C4AS̅Hx and C4AHx is 




manifested by a shift in the main reflection d0001 of the solid solution from ̴ 9 Å to ̴ 8.77 Å. 
Hemicarboaluminate is the component of the solid solution between monocarboaluminate and 
hydroxyl AFm end memebers [101]. In the X‒ray diffractogram the phase is manifested at d0001 value 
of 8.2 Å. Matschei [100] showed that there is no soli solution between the monocarboaluminate and 
the monosulfoaluminate end member. Both hydrates coexist with unchanged X‒ray pattern over a 
range from 0 ˂ SO4/CO3 ˂ 1 molar ratio.  
 
Hydrogarnet phases  
Garnet minerals have a cubic structure with the general formula X3Y2(SO4)3. The X site is occupied by 
divalent cations (Ca2+, Mg2+, Fe2+) and the Y site by trivalent cations (Al3+,Fe3+, Cr3+) in an 
octahedral/tetrahedral framework with [SiO4]4‒ occupying the tetrahedral positions (Fig. 2.18).  
 
 
Fig. 2.18: Octahedral and tetrahedral connections of hydrogarnet structure [102]. 
The anhydrous end‒members of the Ca3(Al,Fe)2(SiO4)3 series are grossular (Ca3Al2(SiO4)3) and 
andradite (Ca3Fe2(SiO4)3).  
Hydrogarnet (Ca3(Al,Fe)2(SiO4)3‒y(OH)4y); y=0‒3) includes a group of minerals where the 
[SiO4]4−tetrahedral are partially or completely replaced by OH‒. The Al‒containing hydrogarnet 
includes hydrogrossular (Ca3Al2(SiO4)3‒y(OH)4y); y=0‒3) with the endmember katoite (C3AH6). The 
Fe‒containing hydrogarnet is designated as hydroandradite (Ca3Fe2(SiO4)3‒y(OH)4y; y=0‒3) and Fe‒
katoite (C3FH6). In the aluminium siliceous hydrogarnet, Damidot and Glasser [103], distinguished 
three series of hydrogarnet depending on the Si content,: (i) hydrogarnet with no Si content ‒ C3AH6, 
(ii) hydrogarnet with low Si content: C3ASxH6‒2x, with 0.2 ˂ x ˂ 0.4 and (iii) hydrogarnet with high Si 
content: C3ASxH6‒2x, with 0.6 ˂ x ˂ 1. Furthermore, as shown in Fig. 2.19, the cell parameter a of a 
hydrogarnet phase increases as the content of Si in the hydrogarnet phase decreases [100].  





Fig.2.19: Variation of the unit cell a as a function of the silicon content in silicious hydrogarnet [100]. The data 
marked PDF are from the Powder Diffraction File.  
C3ASxH6‒2x with low or high Si content may form instead of C3AH6 and thus can lead to very different 
properties of the cementitious system. Solid solutions between C3AH6 and C3FH6 exist only in 
presence of silica [104].  
 
Aluminium hydroxide (AH3) 
The compound Ca3Al2(OH)12 is the Si‒free end member of the hydrogrossular series. Its structure has 
been examined by using X‒ray powder diffraction, neutron powder diffraction and NMR techniques 
[105][106]. Crystalline Al(OH)3 occurs in four different polymorphs, namely: gibbsite, bayrite 
nordstrandite and doyleite [107]. The structural drawing of gibbsite is illustrated in Fig. 2.20.  
 
Fig.2.20: Crystal structure of gibbsite in the b‒c plane from Saafeld and Wedde [108] adapted from Pedersen 
[88]. Ca = bright blue polyhedra, Al = grey spheres, O = red and hydrogen = white. Hydrogen bonds are 
indicated by dashed lines and the unit cell is illustrated as the black square. 
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In most cases, aluminium hydroxide formed in ternary binder systems is amorphous or 
nanocrystalline. The composition, including possible water content and local structure of the 
amorphous or nanocrystalline AH3 is still unrevealed. In a recent study, Pair Distribution Function 
(PDF) and Rietveld analysis were combined to investigate the structure on AH3 gel [109]. Its 
composition was determined to be Al(OH)3·0.1·H2O by taking into account the strongly interacting 
inter‒nanoparticle water. Furthermore, PDF analysis revealed that the gel has a gibbsite local structure 
with an average nanoparticle size close to 5 nm.  
 
2.4 Limitations of previous research in ternary binders 
In spite of the numerous papers denoted to understand the complex hydration mechanism of ternary 
binder systems, the literature is scarce as the quantification of crystalline and amorphous phases is 
concerned.  
Perhaps the most notable research with respect to ternary binders is that of Lambere [49]. This 
research addresses the issue of the microstructure development and degradation mechanism under 
controlled atmosphere and natural weathering in both, OPC and CAC rich formulations. The influence 
of the formulation was thoroughly studied with respect to hydration mechanism, porosity and 
transport properties. It was found that OPC rich binders containing Portlandite provide superior 
resistance to carbonation but were more sensitive to sulphate attack, whereas CAC rich combination 
containing AH3 perform better in acidic media. Based on experimental evidence from X‒ray 
diffraction, 27Al MAS NMR spectroscopy and SEM Lambere [49] presented a map of the hydrates 
nature (Fig. 2.21). For OPC−rich ternary binders C‒S‒H and portlandite were found to be the main 
hydration products. CAC‒rich ternary binders are governed by ettringite, AH3 and 
monosulphoaluminate. In the region between, the presence of hydrogarnet and strätlingite phases was 
identified. Nonetheless, the study conducted by Lambere [49] in terms of phase investigation remains 
at the level of a qualitative analysis as do the results reported from Kiegelman [45]. Kigelman [45] 
investigated two formulations; a system in which the mixed binder was dominated by OPC and one 
dominated by CAC with the intent to clarify the hydration mechanism modified by additives during 
the first 24 hours. Phase formation was assessed by SEM, XRD and TGA. Another extensive research 
was conducted from Torrens Martin [47] and Torrens Martin et al.[110] in OPC−rich mixtures, with 
the goal of determining the variations in the dimensional stability of as a function of sulphate content 
and curing conditions. In the latter work, in order to evaluate the dimensional change and 
mineralogical composition of samples, the PC/CAC ratio was kept constant at 5.67 and the calcium 
sulfate concentration was varied (0, 1, 3, 5 and 10 wt. %). XRD indicated that a high proportion of 
ettringtite was developed as the sulphate (anhydrite) content increased. However, as the amount of 
sulphate increased some samples showed loss of durability.  





          Fig.2.21: Map of the hydrate phases in ternary binder systems [49]. 
According to the authors, this was due to the formation of X‒ray amorphous ettringite. Although the 
investigation of hydrate phases was assessed by various analytical techniques such XRD and Fourier 
Transformation Infrared Spectroscopy (FTIR) a rigorous quantification of ettringite and other hydrate 
phases was not performed. Furthermore, solid evidences, which would support the existence of 
ettringite in an amorphous state, were not reported. 
With the expectations of the Rietveld method, few reports of rigorous quantitative analysis of 
crystalline and amorphous compounds in ternary binders can be found [51][96][111] and most 
importantly, the nature of the X‒ray amorphous phases formed in hydrated ternary systems has been 
hardly reported [51]. Furthermore, the formation of crystalline and amorphous hydrates and their 
respective amounts varies as a function of several parameters such as water content and raw materials. 
The literature is scarce in this direction too. Investigations on the nature of these nanometer level 
compounds are of great interest as they govern the extremely complex engineering properties of the 
cementitious material [49][47]. On this basis, the work conducted in this dissertation aims to improve 
the knowledge on phase formation in ternary binders by particularly shedding light into the 
precipitation of X‒ray amorphous hydrates.     
 




3 Analytical methods  
 
3.1 X‒ray Powder diffraction 
3.1.1 Basics of X‒ray powder diffraction 
Over recent years, XRD has become one of the most prominent techniques in the characterization of 
cementitious systems. The main advantages of XRD are the ease and speed of measurement and its 
accuracy [112] compared to traditional quantitative phase analysis methods, such as Bogue 
calculations and optical microscopy. 
Diffraction is essentially a scattering phenomenon and does not involve any ‘new’ kind of interaction 
between X‒rays and atoms. The phenomenon of X‒ray diffraction on crystals was first described by 
Max von Laue. He reasoned that, if crystals were composed by regularly spaced atoms which might 
act as scattering centers for X‒rays, and if x‒rays were electromagnetic waves of a wavelength about 
equal to the interatomic distance in crystals, then it should be possible to diffract X‒rays by means of 
crystals. The theoretical approach was later published by Friedrich et al.[113]. 
If X‒rays are scattered by an ordered environment, such as that of a crystal, and if the distances 
between the scattering points are at the same order of magnitude as the wavelength of the radiation, 
constructive and destructive interference occurs amongst the scattered x‒rays. The constructive 
interference is named diffraction.  
 
Fig. 3.1: Geometrical representation of Bragg’s law. The incident beam is reflected from the crystal plane with a 
(θ) angle. The distance between the scattering centers measured perpendicular from the crystal surface 
(interplanar spacing) is denoted as d and λ is the radiation wavelength. 
A diffracted beam may be defined as a beam composed of a large number of scattered rays mutually 
reinforcing one another.  
The essential condition which must be met for diffraction to occur is stated by Bragg’s Law[114] in 
equation (3.1).  




2 sinn d      (3.1) 
A geometrical representation of the Bragg law is shown in Fig. 3.1. The incident X‒ray with a certain 
wavelength λ, hits the lattice family of lattice plans with an angle θ. The difference in path between 
the incident X‒ray beam and the reflected X‒ray beam is equal to 2dsinθ. For n = 1, 2,..., we obtain 
reflections (or diffraction effect) of first order, second order, etc. Since the X‒rays penetrate deeply in 
the crystal, a large number of lattice planes will reflect the primary beam. The reflected waves will 
interfere destructively if equation (3.1) is not verified.  
A single crystal has a three‒dimensional repeating lattice that arises from the regular spacing of atoms 
or molecules within the sample, thus giving a diffraction pattern of distinct spots (Fig.3.2a). The 
relative location of these spots gives the crystal symmetry and the dimension of the unit cell. 
 
Fig.3.2: Schematic representation of X‒rays scattered from (a) single crystals and (b) polycrystalline powders. 
For powder diffraction, the same principle applies. Each particle of the powder is an assemblage of 
micron‒sized single crystals, oriented at random in respect to the incident beam. This is equivalent to 
a single crystal rotated, not about one axis, but about all possible axes. Diffraction from a powder 
produces a diffraction pattern (Fig.3.2b), consisting of concentric rings which are the result of the 
detector plane intersecting diffraction cones whose semi‒angle is twice the Bragg angle, for the 
corresponding set of crystal planes. Thus, by varying the incident angles of the X‒ray beam and 
plotting the detected intensity as a function of these angels, one‒dimensional diffractogram is 
produced. The powder pattern of a material is characteristic of that material and forms a sort of 
fingerprint by which the substance may be identified. The diffraction on powders was first developed 
in 1916, from Peter Debye and Pail Scherrer and it was known as the Deby‒Scherrer method [115].  
The exact expression for the intensity diffracted by a single‒phase powder diffraction specimen in a 
diffractometer is given by equation (3.2): 
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where I = integrated intensity per unit length of the diffraction line, I0 = intensity of the incident 
beam, e,m = charge and mass of the electron, c = velocity of light, λ = wavelength of incident 
radiation, r = radius of diffractometer circle, A= cross‒sectional are of incident beam, v = volume of 
unit cell, F = structure factor, p = multiplicity, θ = Bragg angle, e‒2M = temperature factor and μ = 
linear absorption coefficient. 
In the equation (3.2) factors that are constant for all diffraction lines, such as the intensity of the 
incident beam, the charge and mass of electrons, irradiated volume of the sample can be omitted since 
they are constant for all diffraction lines. A simplified formula of the relative integrated intensity of 
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         (3.3) 
where F = structure factor, p = multiplicity factor and θ = Bragg angle.  
The most relevant parameter in equation (3.3) is the structure factor F, which is the designation for the 
resultant wave scattered by all the atoms of the unit cell. It is obtained by simply adding together all 
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where xn, yn and zn are the coordinates of the nth atom in the cell expressed as fractions of the cell edge 
length. Equation 3.4 permits the calculation of the intensities in any hkl refection from knowledge of 
the atomic positions.  
 
3.1.2 X‒ray crystalline and amorphous solids 
As postulated by Klug and Alexander [116], crystals are composed of atoms or group of atoms 
arranged in a regular and repeated pattern. Since they are arranged in fixed molecular pattern or 
lattices, they exhibit a high degree of structural order. The regular internal structure of the crystals is 
what allows the diffraction of X‒rays. Whereas, amorphous solids are disordered materials that lack 
the regular and systematic arrangements of atoms over relatively large atomic distance. At the 
molecular level amorphous solids have a liquid‒like structure, therefore lack the periodicity of the 
crystals.  




Window glass is the best‒known example of an engineering amorphous solid. Optical fibres are made 
of very pure amorphous silica. The silicon used in photovoltaic cells is amorphous. The formation of 
glassy/amorphous solid in all given examples involves the phenomenology of supecooling of liquid. 
As a liquid is cooled from a high temperature, it may either crystallize (at the melting temperature, 
Tm) or become super cooled. As the temperature is lowered below the melting point, the liquid 
contracts. Cooling causes molecular motions to slow down. During this process, eventually, a 
condition is reached where molecules move so slowly that the liquid cannot equilibrate in the 
available time imposed by the cooling rate, and its structure appears “frozen” on the laboratory scale 
(e.g., minutes). This falling out of the equilibrium occurs across a narrow transformation range (Tg – 
transition temperature), where the characteristic molecular relaxation time becomes of the order of 
100 seconds, and the rate of change of volume or enthalpy with respect to temperature decreases 
abruptly (but continuously) to a value comparable to that of a crystalline solid. The resulting material 
is a glass/amorphous solid [117]. Nevertheless, the glass transition is a dynamic phenomenon, 
extending over a range of temperatures is and not a transition between states of thermodynamic 
equilibrium. The equilibrium state is always crystalline [118].  
Fig. 3.3 presents two‒dimensional schematic diagrams for the structures of SiO2 in a crystalline and 
amorphous form. The characteristic X‒ray diffractograms for each state of the structure are depicted.  
 
Fig.3.3: Two‒dimensional schematic representations of the structures of crystalline silica and amorphous silica 
along with the characteristic X‒ray diffractograms.  
From 2‒dimensional representation of the amorphous silica, one notices the absence of a long range 
order. Although the molecular packing motif will still be representative of a parent crystalline form, 
the concept of an average unit cell is no longer applicable.  




As indicated in the figure, the occurrence of an amorphous solid form can be determined by observing 
the loss of the distinct X‒ray peaks, characteristic of crystalline order, and the appearance of a single 
broad “hump” pattern.  
However, it is very important to understand that a “hump” pattern does not necessarily mean that the 
investigated material is amorphous. The presence of a nanocrystalline material may occur. As 
postulated by Bates et al. [119], nanocrystalline materials refer to a solid form that retains the 
molecular packing motif of a parent crystalline polymorph but over a very short distance 
corresponding to few nanometers. In a nanocrystalline phase, the atomic structure can be described to 
a good approximation by using the crystal structure truncated in the real space with the help of a 
nanosized shape function. Finite models may also be employed [109]. On the contrary, an amorphous 
compound cannot be properly described by using a truncated crystal structure, since it does not have 
any order on any significant length scale. X‒ray diffraction measurements are typically in the length 
scale of the order that separates disordered nanocrystalline from amorphous material. Based on the 
above consideration, a material that exhibits a hump in the X‒ray powder diffractogram can represent 
any number of “X‒ray amorphous” phases ranging from nanocrystalline to amorphous.  
Hence, X‒ray powder diffraction measurements alone are insufficient to distinguish the two phases 
and additional methods are required such as X‒ray PDF (Pair Distribution Functions) analysis. The 
former is an experimental technique that uses high energy X‒rays to probe the local structure of 
materials in real space by performing a sine Fourier transform of a material's total (Bragg and diffuse) 
scattering data. Hence, the experimental technique directly distinguishes between materials that are 
amorphous, nanocrystalline or crystalline while also providing quantitative information regarding the 
local atomic distances that define a particular solid form. The method has been successfully applied to 
investigate the atomic structure of C‒S‒H, C‒(N)‒A‒S‒H [120] and AH3 [109] gels formed in 
cementitious systems.  
 
3.1.3 Quantification 
Principle of the Rietveld Method 
X‒ray diffractograms are used for qualitative and quantitative analysis of the crystalline phases within 
the sample. Methods such as the “Internal Standard Method”, “Reference Intensity Ratio”, diffraction, 
absorption method based on single peak approach have been earlier applied for QXRD. The principles 
of these methods and their application have been extensively described by Klug and Alexander [116]. 
Nowadays, quantification from powder diffraction is based on the Rietveld method [121][122] 
introduced by Hugo Rietveld. The original contribution of the method to powder diffraction lies in the 
conception of “using measured powder pattern intensities instead of reflection (peak) intensities”. 
The Rietveld (whole‒profile) method works on a least square approach used to optimize a theoretical 




line profile until it matches in the best possible way the measured sample powder diffraction profile. 
The last‒square minimization function is given in equation (3.5).        
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where: Sy = function to be minimized, wi = the statistical weight dependent on standard deviations of 
the peak and background, yi(obs) = observed powder diffraction intensities for the i‒point and yi(cal) 
= the calculated powder diffraction intensity for the i‒point.  
The calculated intensity, yi(cal), for each point of the powder 2θi, is obtained as the sum of the 
contribution of all reflections (k) which give intensity to that i‒point above the background yb. 
Equation (3.6) sums up the contribution of every crystalline phase in a sample containing m‒
crystalline phases.  
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where, si = scale factor for the pure crystalline phase i, k stands for the reflections which contribute to 
that point of the patter, mk = multiplicity of that reflection, Fk = structure factor for that reflection, 
Lp(2θi) = Lorentz and polarization correction, Pk = preferred orientation, Δθik = 2θi‒2θk where 2θk = 
calculated position of the Bragg peak corrected for the zero‒point shift of the detector, and G((2θi‒
2θk)) = profile function.  
Essentially the calculated pattern is refined to the experimental pattern, and the observed peak 
intensities are normalized to the theoretically predicted peak intensity. The parameters to adjust by 
refinement include the unit cell, atomic positions, parameters defining the profile function G and the 
background (2 )by i .  
In the Rietveld analysis, the determination of an accurate analytical profile function ( )ikG   is 
fundamental for the achievement of accurate results. There are several choices of analytical peak –
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where C0 = 4ln2, C1 = 4, Xik = ∆θ/Hk. Hk is the full‒width at half‒maximum (FWHM) of the kth Bragg 
reflection.  
The FWHM varies with the scattering angle according equations (3.7) and (3.8) for the Gaussian 
component and Lorentzian component respectively.  
2 1/2( ) ( tan tan )GFWHM U V W          (3.7) 
( ) tan / cosLFWHM X Y           (3.8) 
In the above equations, U, V, W and X, Y are variable parameters in the profile refinement.  
In the refinement procedure, the background and its variations as a function of the angle described in 
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where, N is the selected highest order of the polynomials, Bj are refined weighting parameters and Tj 
are the polynomials of the order j.  
Finally, the agreement between the measured spectra and the modeled one is indicated by three main 
indexes, which are:  
(i) The weighted profile index 
1/22 2( )wp i io ic i ioR w y y w y       




   
(iii) The expected index   1/22eR ( )xp i ioN P w y    where, N and P are the number of 
profile points and refined parameter respectively. 
From the Rwp and Rexp indexes, the term known as the goodness of fit χ2 = (Rwp/Rexp) 2 can be 
determined. During the refinement, χ2 should never drop below one. All the above listed parameters 
are related to statistical concepts (see [123][124] for details).  
For more in‒depth information regarding X‒ray diffraction and the Rietveld method of quantitative 
analysis the reader is referred to classical books [116][123][124][125].  
 
 




The G‒factor approach  
Hill and Howard [126] derived a simple relationship between the phase abundance and the Rietveld 
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          (3.10) 
where C = constant in the recording of the diffraction pattern, ρj = density of the unit cell, Vj = 
volume of the unit cell and μm = sample mass absorption coefficient (MAC). 
The scale factor determined from the Rietveld refinement is proportional to the weight fraction of the 
sample. The relationship in equation (3.10) yields the relative weight of any component during the 
multiphase refinement of a mixture if the sum of the crystalline phases is constrained to 100%. From 














          (3.11) 
Since the Rietveld quantitative phase analysis only considers the crystalline phases and normalizes 
their sum to 100%, successful strategies that account for the potential amorphous have been adopted 
such as the external standard method or the internal standard method [127][128][129][130]. 
In the present work, the external standard methodology [128] also known as the G‒factor approach 
[131] was applied to quantify absolute phase contents and from there to calculate an overall 
amorphous content. The method allows the determination of the absolute weight fractions by 
previously obtaining a diffractometer constant, and knowing MAC of the samples. The diffractometer 







                     (3.12) 
where, Sst = scale factor of the standard, ρst = density of the standard, Vst = unit cell volume of the 
standard, Wst = weight fraction of the standard ( in this case 100 wt.%) and μst = MAC of the standard. 
From there the G‒factor is used to determine the weight fraction of each crystalline phase present in 
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where, Sj = scale factor of the j phase, ρj = density of the j phase, Vst = unit cell volume of the j phase, 
Wj = weight fraction of the j phase and μj = MAC of the sample.  








W w                  (3.14) 
In this work the difference between the total and the sum of quantified crystalline phases (equation 
3.14), will be referred to as the apparent amorphous. It accounts for “X‒ray amorphous” phases and 
crystalline non‒quantified content composed by misfitting problems of the analysed crystalline phases 
or because some crystalline phases may not be included in the control file due to several reasons (its 
crystal structure is not known, the phase was not identified, etc.)[132].  
As described in Section 3.1.2, the X‒ray amorphous phases may range from nanocrystalline to 
amorphous. The traditional Rietveld approach gives little reliable information concerning the 
molecular structure level present in the X‒ray amorphous phase. The problem is related to the use of 
direct structure factors, which are only evaluated at expected Bragg diffraction positions. For XRPD 
patterns with broad humps, the Rietveld method being based on coherent diffraction peaks is unable 
to model the incoherent diffuse X‒ray which may be the dominant contribution factor for X‒ray 
amorphous materials [119].  
 
3.1.4 Refinement strategy and crystal structure models 
In this work, the X‒ray profiles for phase identification and Rietveld quantitative phase analysis were 
fitted using Topas‒Academic 2.1 software. Refinements were obtained using the fundamental 
parameter approach [133], where an accurate description of the instrument geometry and set‒up is 
used to calculate peak profiles. The ρ, V, and scale factor values for each phase were computed within 
the Rietveld refinement. In Table 3.1, all structural models for the identified phases are listed, 
including the Inorganic Crystal Structure database, ICSD, collection codes. Models were taken from 
the literature. After the selection of the appropriate structures, the lattice parameters of the phases and 
scale factors were refined at each individual experiment for unhydrated and hydrated samples. The 
structures included values for site occupancies and thermal parameters, but these were fixed during 
the refinements. The crystallite sizes and profiles were refined as Lorentz functions.  
Preferential orientation refinements were applied when necessary for calcite (1 0 4), C3S (6 0 ‒6), C2S 
(‒1 2 1), gypsum (0 2 0) and ettringite (0 1 0) using the March‒Dollase correction [134]. Spherical 
harmonics [135] were applied for C4AF phase when detected. No attempt was made to determine the 
Al: Fe ratio of the C4AF, as peak overlap and broadening made refining site compositions impossible 
During the refinement, a 20‒term Chebyshev polynomial background was used in combination with 








Table 3.1: Structures used for the Rietveld refinement procedure. 
Phase name Crystal Structure ICSD Code Reference 
CA Monoclinic 260 [136] 
C3S Monoclinic 81100 [137] 
β‒C2S Monoclinic 16616 [138] 
C3A Cubic 1841 [139] 
C3A Orthorombic 100220 [140] 
C4AF Orthorombic 9197 [141] 
C2AS Tetragonal 27427 [142] 
C3AH6 Cubic 49772 [143] 
Perovskite Orthorombic 31865 [144] 
Magnetite Cubic 20596 [145] 
Anhydrite Orthorombic 15876 [146] 
Hemihydrate Monoclinic 79529 [147] 
Gypsum Monoclinic 27221 [148] 
Calcite Trigonal 73446 [149] 
Ettringite Hexagonal 155395 [85] 
Portlandite Hexagonal 202220 [150] 
Monosulphoaluminate Trigonal 100138 [151] 
Hemicarboaluminate Trigonal ‒ [152] 
Monocarboaluminate Triclinic 59327 [153] 
Strätlingite Trigonal 69413 [154] 
Gibbsite Monoclinic 6162 [108] 
 
ZnO (supplied by Roth, Germany) was used as an external standard since its MAC and the MAC of 
the samples were significantly close to each other. This is a necessary precondition for an accurate 
quantitative analysis [155]. The selected standard has a narrow particle size distribution of 0.76 µm. 
The standard was calibrated against SRM‒674a corundum (α‒Al2O3) powder, a NIST standard 
reference material, which has been certified to have a crystalline phase purity of 99.02%±1.11% (95% 
confidence interval) by Rietveld quantitative phase analysis against a suitable primary standard, 
prepared from a single crystal [156]. From here, the amorphous content of ZnO was estimated to be 
1.5% ± 0.6%. The MAC of the sample was calculated out of the single mass attenuation coefficients 
of the sample and bound water.  
Importantly, to avoid an apparent dilution effect, the water content of the samples was deduced using 
the bound water from TGA according to equation (3.15) and the results are referred to 100g paste. 
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Finally, in order to check for the agreement between the experimental data and measured data, the 
indexes Rexp, Rwp and χ2 for all diffraction refinements were acquired and the data are summarized in 
the Appendix (Table A1). Besides the indexes, visualizations of the fit between the measured data and 
the used model are shown. 
 
3.2 Thermogravimetric analysis 
Mineral and hydrates can undergo several thermal reactions, such as dehydration, dehydroxylation, 
decarbonation, oxidation, phase transition or melting. These reactions are associated with weight 
changes or heat release and the temperatures at which these processes occur are typical for the mineral 
or the hydrate. Thermogravimetry measures the change in mas of a material as a function of time at 
determined temperature (i.e., isothermal mode), or over a temperature range using a predetermined 
heating rate, thus TGA allowing the identification of different phases which decompose in a specific 
temperature range. From the differentiation of the thermogravimetric data (DTG), a better resolution 
of the temperature range of phase decomposition is obtained. Figure 3.4 shows the TG and DTG 
curves of OPC rich ternary binder at 1 day of hydration.  
 
Fig.3.4: TGA and DTG curves of an OPC‒rich ternary binder. 
In Fig.3.4 the temperature range of hydrate phase decomposition has been indicated [157][158]. It can 
be seen that TGA measurement for cementitious systems suffers from significant overlap of phases 




that hinders accurate phase identification. In particular, the weight loss range of C‒S‒H is not well 
defined and spans between 30 to 600 °C, overlapping with most of the other hydrate phases. 
Ettringite, AFm, calcium aluminium hydrate (CAH10, C3AH6) and hydrogarnet containing silica 
phases also show a strong overlap in the region between 200 and 280 °C. The dehydroxylation 
temperature of aluminium hydroxide AH3 is in the same temperature range (260 to 320 °C) as the 
dehydroxylation of calcium aluminium hydrate present in katoite, AFm and AFt phases.  
In the TGA data, the weight loss between 30 to 600°C corresponds to bound water, whereas the 
weight loss from 600 to 1000 °C designates to carbonation.  
 
Estimation of hydrated phase content with TGA 
In this study, estimations of the content of portlandite, AH3, and ettringite using TGA/DTG data were 
carried out. The portlandite content was estimated considering the weight loss between 425‒550 °C 
[159]. An estimation of the amount of AH3 was obtained from the weight loss between 225‒350 °C.  
The estimation of ettringite content from thermal analysis has been reported in previous studies 
[159][160]. In the first one, a rough estimation of ettringite content was made by considering the 
weight loss between 50 and 110°C, while in the second report taking twice the integral of the left half 
of the peak from 30 to 140 °C was proposed. To assess ettringite content we made use of the weight 
loss between 70 – 140 °C. Initially, in order to check the accuracy of the method, model mixtures 
were made, in which 20%, 30%, 40% of pure ettringite was intermixed with unhydrated cement. The 
TGA/DTG signal was calibrated using pure ettringite. The calibration indicated that the weight loss 
between 70 and 140 °C corresponded to 20 molecules of crystal water, per molecule of ettringite. Fig. 
3.5 shows the derived amount of ettringite as a function of the addition level. Very good agreement 
was obtained and the quantification results were very repeatable with a σ repeatability smaller than 
3.5 wt. %, which is acceptable for the TGA measurements.  








                   (3.16)  
where, Wj = weight fraction of phase j, Mj = molar mass of phase j, nH2O = number of water molecules 
in phase j and MH2O = molar mass of water.  
The exact boundaries for the temperature intervals were read from the DTG curve. 
 





Fig.3.5: Quantification of ettringite on model mixtures of pure ettringite and anhydrous cement. 
 
3.3 Magic‒Angle Spinning NMR 
NMR observes radio frequency signals from atomic nuclei occupancy excited spin states, thus giving 
information of the atomic ‒ scale structure and dynamical behaviour the investigated probe. The most 
applied technique for solid investigation is MAS NMR. Furthermore, the systems investigated in this 
study have an abundance of aluminium and silicon, which lead to taking into account 27Al MAS NMR 
and 29Si MAS NMR spectroscopy as potential solid state NMR techniques. In the following, a simple 
introduction of the MAS NMR principle and practical applications of 27Al MAS NMR and 29Si MAS 
NMR is provided. For in‒depth descriptions of the background of solid state NMR, the reader is 
referred to advanced texts [161][162]. 
Quantum concepts  
In the quantum mechanics, NMR active nuclei are characterized by the quantum property called spin, 
caused by the physical spinning of the nucleus. The angular momentum of the nuclei is given by 
equation (3.17). 
 1/2( 1)J I I            (3.17) 
where /h  is the Planck constant and I = the spin quantum number which can be either an 
integer or a half‒integer.  
Each nucleus has 2I+1 spin energy levels. When a nuclear‒spin, with quantum number I is subjected 
to a strong magnetic field B, its nuclear magnetic moment will be oriented either parallel or 
antiparallel to the magnetic field direction. As shown in Fig. (3.6), for a spin with I = 1/2 two different 
state energies are obtained for the two possible projections with respect to the applied magnetic field, 
and correspond to the non‒degenerate nuclear spins: mI = +1/2 (parallel) and mI = ‒1/2 (anti‒parallel). 





Fig. 3.6: Zeeman energy levels for a nucleus with I = 1/2, illustrating the separation of the non‒degenerate 
nucleus spin mI = +1/2 (parallel) and mI = ‒1/2 (anti‒parallel) as a function of the applied magnetic field B0. 
The difference between the two energy states is given by equation (3.18).  
0LE h B              (3.18) 
where, νL = Larmor frequency and γ = gyromagnetic ratio.  
Usually, only the largest component of the B0 column vector (Bx, By, Bz) is considered, which defines 
the z‒axis of the laboratory frame of reference, B0 = (0, 0, B0). The difference between the two energy 
states in equation (3.18) is also called Zeeman splitting and is dependent on the magnetic field.  







               (3.19) 
where, k = Boltzman constant and T = temperature in kelvin.  
In thermal equilibrium, the net magnetization vector M0 (equation 3.20) of a sample under 









          (3.20) 
where, N = number of spins in a macroscopic sample, γ = gyromagnetic ratio, ħ = reduced Planck’s 
constant, k = Boltzmann constant and T = temperature in Kelvin. 
In order to detect an NMR signal, M0 must be reoriented from the external applied magnetic field. 
This is achieved by inducing a short radio‒frequency (rf) pulse with a frequency close to νL 
perpendicular to B0. As a result, the net magnetization vector rotates away from the z‒axis, while a 
projection of the magnetization vector in the xy‒plane continues to process with Larmor frequency, 




creating a detectable signal called the free induction decay (FED). The amplitude and phase of FED 
are measured as a function of time, thus creating the NMR signal.  
The main source of structural information in high‒resolution NMR spectroscopy is the chemical shift, 
which results from the shielding (σ) of the spin nucleus. In principle, the electrons surrounding the 
nucleus oppose the external magnetic field thus creating an effective magnetic field around the spin 
nucleus. The presence of the effective magnetic field modifies the resonance conditions expressed in 
equation (3.18) as follows: 
0(1 )h B              (3.21) 
where σ = shielding constant without dimensions expressed in part per million, (1‒σ)·B0 = effective 
magnetic field.  
The absolute values of B0 thus NMR frequencies are difficult to measure accurately and usually the 
frequencies are reported as chemical shift, δ, relative to a reference compound. 




           (3.22) 
The isotropic chemical shift is the most useful NMR parameter for structural investigations. 
 
MAS NMR spectroscopy 
The most important nuclear interactions for solids include: 
i Interactions of the dipole moment of the observed nuclei with the dipole moments of other 
individual nuclei of some other species.  
ii Anisotropy of the shielding. 
iii Anisotropy of the electrical field gradient causing quadrupole interaction. 
MAS NMR technique is commonly used for solid material, in order to overcome peak broadening 
caused by these interactions. Magic angle spinning reduces the peak broadening caused by these 
interactions by spinning the sample around an axis oriented at 54.7° relative to the external magnetic 
field B0. An illustration of the geometrical arrangement of the Magic‒Angle spinning is shown in Fig. 
3.7. 





Fig. 3.7: Geometrical representation of the spin interaction vector (r) in a rotating sample r  frequency in an 
external magnetic field B0 [161]. 
By rotating the sample about an axis at the angle θ relative to the magnetic field, the spin interaction 
vector r, traces out a conical path described by the angles ψ and χ. Consequently, the orientation of 
spin interaction vector r becomes time‒dependent and for a rotation frequency of 2r r    the 
following equation can be written: 
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 (3.23) 
At high spinning speeds the time‒dependent terms will average to zero, and the term 23 1cos    will 
be proportional with  23 1cos   . Since the angle  can be adjusted experimentally, for 
1 1 54 736
3
cos .         the time average 
23 1cos   becomes zero. The angle 54736.    is 
called magic angle and the spinning of the sample at this angle reduces the peak broadening caused by 
the above‒mentioned interactions.  
 
27Al MAS NMR and 29Si MAS NMR spectroscopy denote to practical applications of the MAS NMR 
technique. Both methods have proven to be very valid in the characterization of cementitious systems 
by obtaining local structural information in the absence of long structural order [88][163][164][165].  
 
The 27Al nucleus has a spin of 5/2 and a natural abundance of 100%, whereas the 29Si nucleus has a 
spin of 1/2 and a natural abundance of 4.7%. The higher the natural abundance of the nucleus, the 
shorter the time required to obtain an NMR spectrum.  
The 27Al NMR experiment gives information about the coordination of the aluminium nucleus, and 
not information on specific local atomic environment. This is due to the strong quadropolar 




interaction of the 5/2 spin nucleus. The 27Al chemical shifts of aluminium tetrahedrally, pentahedrally 
and octahedrally are well separated at 50 to 80 ppm, 30 to 40 ppm and ‒10 to 15 ppm, respectively. 
The 29Si MAS NMR is often used to obtain information concerning the structure of C‒S‒H phase and 
examine the polymerization of silicate tetrahedron. To represent the polymerization of silicate 
tetrahedrons by 29Si NMR the notation Qn (mAl) is used, where Q indicates a silica tetrahedron 
forming bridges, n is the number of shared oxygen atoms and m is the number of alumina tetrahedral 
substitution groupings. The values of n and m range from 0 to 4. Based on this consideration, a Q1 
structure has a single silica tetrahedron bonded to one other silica tetrahedron, Q2 has a silicon 
tetrahedron bonded to two silica tetrahedra, and Q2(1Al) is a silica tetrahedron bonded to one silica 
tetrahedron and one alumina tetrahedron. In terms of structure, 29Si MAS NMR results in a distinction 
between monosilicates (Q0), disilicates and SiO4 end groups (Q1), SiO4 chains (Q2), SiO4 layers (Q3), 
and three‒dimensional network structures (Q4). Considering the data from literature [166][167][168] 
the lines around ‒72, ‒78.5, ‒82, ‒83.5, and ‒96 ppm are respectively assigned to silicon in Q0, Q1, 
Q2(1Al), Q2 and Q3 groupings.   
 
3.4 Scanning electron microscopy  
SEM is widely used in cement research to investigate the microstructure and chemical composition of 
cementitious samples with size from micrometers to millimeters. In SEM high energy (in keV order) 
incident electron beam is scanned over the sample surface. The beam of primary electrons is either 
scattered or absorbed from the sample, thus producing different signals. The most relevant signals 
used for analytical purposes are the signals generated from of secondary electrons (SE‒s), 
backscattered electrons (BSE‒s), and characteristic X‒rays.  
SE‒s arise from inelastic collision between incident electrons and the bonded outer electrons of the 
material. They provide surface topographic images of the sample (Fig. 2.13, Fig. 2.17, Chapter 2, 
section 2.3). BSE‒s are the result of elastic collision due to the electro‒magnetic field of the nucleus. 
For high‒energy beams (>1 keV) the backscatter electrons produce contrasts in the image. Based on 
this contrast, different components of a material can be identified and quantified by terms of image 
analyses. Meanwhile, the detection of characteristic X‒rays provides a complete elemental analysis of 
the sample. The microanalytical technique is known as energy dispersive X‒ray analysis (EDXA).  
In the current work, SEM was mainly used in SE mode to investigate the morphological changes of 
different cement pastes at early age.  
 
3.5 Isothermal calorimetry 
Calorimetry is the measurement of the heat and heat production rate as a function of time. It is a 
generic way of studying, processes related to enthalpy changes. In this work, the heat evolution for 24 




hours of hydration was monitored with of an isothermal calorimeter. The calorimeter has four 
channels, where three samples can be simultaneously tested. In the fourth sample, a reference material 
(quartz) that does not produce any heat is placed. The pastes were mixed for a determined period out 
of the equipment and afterwards poured into the channels. Measurements were conducted in 
triplicates for each composition and the final heat flow is the average value.  
 
3.6 Thermodynamic modelling 
Thermodynamic modelling consists of calculation of the chemical speciation (i.e. amounts or 
concentrations of chemical components in all phases present in equilibrium state) from total bulk 
composition of the system and thermodynamic data for components. In this work thermodynamic 
simulations were carried out using the Gibbs energy minimization GEMS‒PSI software [169] with 
thermodynamic database Nagra/PSI [170] for aqueous species and the CEMDATA18 database from 
EMPA [171] for the cementitious phases. In the GEMS, the total energy of the system is minimized at 
a given temperature and pressure. The Gibbs free energy is calculated according to the following 
equation: 
lnTG RT K             (3.24) 
where R = 8.314 J/molK is the universal gas constant, T = absolute temperature in Kelvin and K is the 
ion activity product of each phase present in the system calculated with GEMS.  
Equilibrium phase balances and solution phase compositions for the systems considered in this work 
were computed under standard conditions at a temperature of 20°C and 1 bar pressure. The anhydrous 
phase content from XRD and water content were used as input data. The gas phase at equilibrium 
with the solids and the liquid phase were set to be CO2‒free air. The dataset includes thermodynamic 
data of common cement hydrate phases such as C–S–H, different AFt and AFm phases, and 
hydrogarnets. The C‒S‒H phases described within GEMS are based on a solid solution model 
proposed by Kersten [172]. The influence of Al‒substitution or sulphate absorption is not taken into 
account into GEMS because the phase relations for such modification to the C‒S‒H are not fully 
clear. To account for experimental results, for non‒containing iron samples the formation of siliceous 
hydrogarnet iron bearing phase Ca3(AlxF1‒x)2(SiO4)3‒y(OH)4y was suppressed as it was reported that its 
formation occurs at long hydration times in presence of iron [102]. Gibbsite, thaumasite and kaolinite 
were suppressed as well due to their slow formation kinetics [173]. All anhydrous phases were 
allowed to dissolve freely. The output of the simulation is the mass and volume of phases presented in 
the system in equilibrium conditions. GEMS does not account for the formation of metastable phases 
in the system and predicts only the stable ones [173]. This can lead to differences between the 
predicted and experimental phase assemblage.  







4.1 Characterization of the raw materials 
The materials used in this work were: 
 Ordinary Portland cement (CEM I 42.5 R, supplied from Opterra Co., Germany) 
 White Portland Cement ( CEM I 42.5 R, supplied from Dyckerhoff Co., Germany ) 
 Calcium Aluminate cement (Fondu®, Secar® 51, Secar® 71 supplied from IMERYS) 
 Calcium sulfate ( Anhydrite, α‒Hemihydrate, Gypsum, supplied from Casea Co., Germany) 
Table 4.1 summarizes the labels used for each of the raw materials along with the density and Blaine 
values.  
Table 4.1: List of name labels for the used raw materials, along with the respective density, blain and D50.  






Portland cement CEM I 42.5 R P 3.2 3632.3 12.8 
White Portland cement CEM I 42.5 R WP 3.1 3957.3 11.05 
Fondu® L* 3.3 2884.3 15.95 
Secar® 51 M* 3.1 4038.6 8.92 
Secar® 71 H* 2.9 3735.6 8.73 
Anhydrite A 2.9 3390.3 18.52 
α‒Hemihydrate HH 2.8 3173.9 14.94 
Gypsum G 2.4 4227.2 9.97 
*The labels “L”, “M”, “H” for the CACs are abbreviations for the terms “Low”, “Medium” and “ High” based 
on the content of Al2O3 analyzed in each of them (see Table 4.3).  
 
Fig.4.1: Particle size distribution of the raw materials used for the study. Portland cements (a), CACs (b) and 
sulphates (c). 




Table 4.2: Chemical composition of the used raw materials. 
wt.% CaO SiO2 Fe2O3 MgO Al2O3 K2O P2O5 Na2O TiO2 SO3 MAC 
PC 62.2 20 3.8 1.4 4.8 1 ‒ 0.1 0.2 2.7 97.1 
WPC 65.2 22.3 0.5 0.7 4.1 0.5 0.1 0.1 0.1 3.1 93.7 
L 37.7 4.2 17.1 0.7 39.2 0.1 0.1 0.1 1.8 0.1 100.1 
M 37.1 4.9 2.1 0.8 51.8 0.2 0.1 0.1 2.1 0.1 71.9 
H 30.4 0.2 0.3 0.4 70 0.1 0.1 0.2 0.1 0.1 60.8 
A 37.9 0.8 0.2 0.1 0.2 0.1 0.1 0.1 0.1 58.2 73.8 
HH 37.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 51.3 70.4 
G 37 0.4 0.4 0.4 0.1 0.1 0.1 0.1 0.1 52.6 70.6 
MAC 
(cm2/g) 124 36 214.9 28.6 31.7 122.3 39.7 24.97 124.6 44.5 ‒ 
 
Table 4.3: Mineralogical composition of the used raw materials. The highest uncertainty in the phase 
quantification is ± 2 wt%. 
wt.% P WP L M H A HH G 
C3S 55.2 62.1 ‒ ‒ ‒ ‒ ‒ ‒ 
C2S 16.4 20.1 2.6 4.1 0.4 ‒ ‒ ‒ 
C4AF 14.8 ‒ 14.7 0.5 0.8 ‒ ‒ ‒ 
C3A cubic 5.3 2.7 ‒ ‒ ‒ ‒ ‒ ‒ 
C3Aorth 1.3 2.6 ‒ ‒ ‒ ‒ ‒ ‒ 
CA ‒ ‒ 61.3 62.2 52.8 ‒ ‒ ‒ 
C12A7 ‒ ‒ 2.3 0.4 ‒ ‒ ‒ ‒ 
CA2 ‒ ‒ ‒ ‒ 35.3 ‒ ‒ ‒ 
C2AS ‒ ‒ 4.4 14.4 2.0 ‒ ‒ ‒ 
CS̄ 0.5 4.7 ‒ ‒ ‒ 98.3 ‒ 2.6 
CS̄H0.5 1.6 2.6 ‒ ‒ ‒ ‒ 100 ‒ 
CS̄H2 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 96.4 
CaCO3 1.4 5.2 ‒ ‒ ‒ 1.7 ‒ 1 
Arcanite 0.6 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 
Perovskite ‒ ‒ 5.8 5.3 ‒ ‒ ‒ ‒ 
Magnetite ‒ ‒ 1.5 ‒ 0.2 ‒ ‒ ‒ 
Amorphous 2.9 ‒ 7.4 13.1 8.5 ‒ ‒ ‒ 
 
The used cements differ in the chemical composition and mineralogy. In the WP the content of C3S 
and C2S is higher as compared to the amounts quantified in P. As expected, the WP sample does not 
contain any ferrite phase, whereas ≈ 15 wt.% are quantified in the P sample. Around 5.2 wt.% of 
calcite is quantified in the WP. In the P sample, the content of calcite is minor.  
For the calcium aluminate cements, one of the main differences is the content of Al2O3. The terms 
“Low‒L”, “Medium‒M” and “High‒H” are used to differentiate in between the CACs depending on 
their alumina content. Cement Fondu® (L) has the lowest content of alumina, Secar® 71 (H) the 
highest, whereas the content of alumina in Secar® 51 (M) is in between. In mineralogical terms, all 
CACs contain monocalcium aluminate (CA) as the principal hydraulic phase in an amount from 50 
wt. % and upwards. The low grade cement is rich in iron‒containing phases, while the other two type 
of cement contains very low concentrations of iron oxides, thus their other components can be found 




in the CaO‒Al2O3‒SiO2 system. Around 14 wt.% of C2AS are quantified in the medium‒alumina grade 
cement. The higher‒alumina grade, besides the CA phase, contains also considerable amounts of CA2.  
 
4.2 Selection of mix design and sample preparation 
Usually the experimental work in ternary systems is carried out using model formulations from S1 to 
S7 as depicted in Fig. 4.2. In the ternary diagram, S1 and S7 refer to the pure OPC and CAC 
respectively. Formulations from S2 to S6 are typical combinations of OPC‒CAC‒Cܵ̅Hx reflecting 
binders of special products of the Europian market as depicted by Bier and Amathieu [38].  
 
Fig. 4.2: Composition and classification of ternary binders used in our laboratories [1].  
In the current work, the following combinations were chosen for investigation: 
i. Plain Portland cement (S1) 
ii. OPC rich combination with minor amounts of CAC and sulphate (Ternary ‒ S2) 
iii. CAC + CSതHX rich combination with minor amounts of OPC (Ternary ‒ S5) 
iv. CAC+CSതHX rich combination (Binary ‒ S6) 
Table 4.4 gives the accurate composition of the reference formulations of the investigated cement 
pastes. Through all the study, only parameters such as type of CAC, type of OPC, sulphate source or 
the w/b ratio were varied. In this work the sample label SX‒ABC will be used; where X refers to the 
formulation (S1, S2, S5 or S6), A refers to the OPC used (P or WP), B to the CAC used (L, M or H) 
and C indicates the Sulphate used (A, HH or G).  
 




Table 4.4: Reference formulation of the investigated cement pastes. 





S1 100 ‒ ‒ 
S2 80 13 7 
S5 13 64.5 22.5 
S6 ‒ 70 30 
 
For compositions described in Chapter 5 and Chapter 6, Section 6.2 and 6.3 experiments were 
performed at a w /b of 0.5 (binder includes OPC, CAC, and CS̄Hx). For the formulations described in 
Chapter 6, Section 6.4, the w/b ratio was varied from 0.32 to 0.9.  
For the preparation of the pastes, water was added to the premixed powder and the resulting paste was 
mixed with a paddle at a rotation speed of 500 rpm for 90 seconds, then a manual mixing was 
performed for 30 seconds and finally mixed again for 90 seconds at 500 rpm. Moulds of the prepared 
samples were put in a climatic chamber with 100% RH for the first 24 hours, and after 24 hours all the 
pastes were demoulded and cured under water at 21°C. Samples were tested in time intervals of 2 
hours, 6 hours, 1, 7, 28, 56 and 90 days. At the designated time, slices about 3 mm thick were cut 
using water lubricated saw. The first layer (1 mm thick) of the paste exposed to water was discarded 
in order to remove the possible leaching of Ca2+ induced by the curing.  
For stopping hydration, the solvent exchange method was used. Samples were immersed for 1 day in 
isopropanol and 1 day in oven at 30°C to remove the alcohol. Prior XRD, TGA and NMR 
investigations samples were softly ground by hand to a grain size smaller than 63 μm. 
One batch of materials were used for all experiments, in order to avoid differences in the kinetics at 
early age. All the experiments were performed at 21°C and 65% RH. 
 
4.3 Experimental conditions 
XRD  
The XRD experiments were performed using a PANalytical X’pert Pro Multipurpose Diffractometer 
(MPD) with a PIXcel detector in Brag‒Brentano reflection geometry (θ/2θ). The experimental 











Table: 4.5: Measurement parameters for XRD analysis. 
X‒ray Type CuKα nickel‒filtered (λ = 1.54Å) 
X‒ray voltage 40 kV 
X‒ray current 40 mA 
Angular range 7.5‒90 (°2θ) 
Step size 0.013 (°2θ) 
Counting time 30s 
Divergence slit opening 1/2° 
Antiscatter slit opening 1° 
Time resolution 13 min 
 
The samples were prepared using the back‒loading technique to minimize preferred orientation. All 
measurements were carried out in triplicates to enable the calculation of repeatability errors. 
 
TGA 
All TGA analysis were carried out using a STA 409 PC Luxx device from Netzsch. Around 20 mg of 
ground cement paste were placed in alumina crucibles covered by aluminium lids to reduce 
carbonation before analysis. The temperature ranged from 30 to 1000 °C with a heating rate of 10 
°C/min under N2 atmosphere to prevent carbonation. The results of the thermal analysis are strongly 
influenced by the architecture of the measuring device, the type of vessel used, the heating rate, the 
amount of solid, gas flow rate and type of purging gas, and sample treatment [157]. In order to obtain 
reliable results, we tried to stick as much as possible to the same procedure for all the measurements. 
 
27Al MAS NMR and 29SiMAS NMR 
For the NMR experiments, selected samples were investigated out of the wide range of compositions. 
The vast majority of 27Al MAS NMR investigations (Chapter 5, Chapter 6 Section 6.2) were 
conducted in Denmark (Aarhus University, Chemistry department). The spectra were recorded on a 
wide‒bore Varian Direct Drive VNMR−600 spectrometer (14.1T). A 4 mm home‒built CP‒MAS 
NMR probe was employed in all experiments and the samples were packed on Zirconia rotors. Single 
pulse experiments were performed applying 1H decoupling at spinning speed νr = 13 kHz. The 
relaxation delay between accumulations was 2s. The 27Al chemical shifts were referenced to a 1.0 M 
aqueous solution of AlCl3·6H2O. 
Only a small portion of the samples were investigated by 27Al MAS NMR and 29Si MAS NMR at TU 
Freiberg. The 27Al MAS NMR measurements (Chapter 6, Section 6.3) were carried out at 104.29 
MHz on a Bruker AVANCE HD 400 WB spectrometer using 2.5 mm ZrO2 rotors with a VTN 
CP/MAS probe. The sample rotation frequency was 20 kHz. Single pulse excitation with < 15° pulse 




was applied for quantitative excitation of all sites. Recycle delay was 1 s, tppm15 decoupling was 
applied. The chemical shift is given with respect to 1.1 M Al(NO3)3 solution in D2O (= 0ppm).  
The 29Si solid‒state NMR measurements (Chapter 5) were carried out at 79.51 MHz on a Bruker 
AVANCE HD 400 MHz WB spectrometer using 7 mm ZrO2 rotors with a DVT CP/MAS probe. A 
contact time of 5 ms was applied for Cross Polarization (CP) MAS measurements. Experiment recycle 
delays were 5s for CP/MAS and 300 s for the single pulse experiment, tppm15 decoupling was 
applied. The sample rotation frequency was 5 kHz. The chemical shift was referenced using the high‒
field signal of the Q4‒ groups in Q8M8 (Octakis(trimethylsiloxy)silsesquioxane: ‒109 ppm relatively 
to TMS= 0 ppm). 
 
SEM 
SEM images were analyzed by using a FEI XL 30 environmental scanning electron microscope with a 
field emission gun (ESEM FEG). The microscope was operated at 20 kV accelerating voltage and 10 
mm working distance. For morphological investigation, the samples were attached on an adhesive 
carbon tab.  
 




5 Determination and quantification of crystalline and 
amorphous phases  
 
5.1 General 
This chapter deals with the hydration mechanism and phase formation of OPC/CAC/Cܵ̅Hx 
formulations, which are very different from that of the individual cements. The evolution of the solid 
phase composition with ongoing hydration is investigated for plain Portland cement and three 
different mixtures. Initially results for the simplest system (S1) are presented and afterwards, the 
focus is shifted towards OPC rich (S2) and CAC/CSതHX rich formulations (S5 and S6). The study 
mainly focuses on the description and quantification of crystalline and amorphous fractions in the 
time range between 2 hrs, 6 hrs, 1, 7 28, 56 and 90 days using QXRD. Since some of the hydration 
products of the pastes cannot be distinguished using XRD, TGA, 27Al MAS NMR and 29Si MAS 
NMR techniques are used as complementary methods. For instance, TGA is useful to identify the 
presence of amorphous aluminium hydroxide (mainly found in CAC/CSതHX rich systems), which 
cannot be obtained from the quantitative XRD. TGA was also used to estimate the content Portlandite, 
ettringite and AH3 formed during hydration. Additionally, the results obtained from QXRD are 
compared with the data from and stoichiometric calculations. 
Through this section, the use of iron‒rich cements such as Fondu or Portland cement CEM I 42.5 R 
were omitted, although they are used extensively in the industry. Instead, White Portland cement 
(WP) and Secar 51 (M) were used as OPC and CAC source. These cements were chosen because they 
both have low quantities of paramagnetic ions (e.g., Fe3+) which results only in minimal line 
broadening of NMR resonances caused by nuclear‒electron dipolar couplings between 27Al (29Si) and 
the unpaired electron of Fe3+ ions. Gypsum was used as a sulphate source. The sample label would be 
the following: S1‒WP, S2‒WPMG, S5‒WPMG and S6‒MG 
 
5.2 Qualitative and quantitative results 
5.2.1 Qualitative and quantitative results from XRD and TGA 
Plain Portland cement (S1) 
Fig. 5.1 shows the raw pattern of the S1‒WP paste at different hydration times, XRD allows the 
detection of C3S, C2S, C3A, calcite, portlandite, ettringite and monocarboaluminate as an AFm phase. 




C‒S‒H is X‒ray amorphous, therefore not clearly detected in any of the XRD spectra (besides a broad 
hump in the range 2θ = 30‒35°).  
 
Fig.5.1: XRD diffractograms for S1‒WP formulation at selected ages. Phase abbreviations: (E) for ettringite, 
(Mc) for monocarboaluminate, (P) for portlandite, and (Anh) for anhydrite. The marked area indicates the 
region where the X‒ray powder diffraction patterns of C3S, C2S and C3A exhibit the strongest overlap.  
 
Fig. 5.2 shows the evolution of the anhydrous and hydrated phases for the S1‒WP paste, including the 
amount of apparent amorphous content. The results show the normalized phase masses expressed in g 
per 100 g of paste. The data points are joined by straight lines as a guide only. C3A is consumed 
within the first day of hydration, thus leading to ettringite precipitation according to reaction (2.6) in 
Section 2.1. The data shows a rapid consumption of C3S during the first 28 days of hydration, while 
C2S starts to react significantly after 7 days. Calcite reacts to a minor degree over the time. However, 
XRD is not sufficiently sensitive to determine small changes of the calcite content, as the error of the 
measurement is around 1‒2wt. %. A minor amount of anhydrite is found only at 6 hours from 
hydration. Due to its fast dissolution rate, the phase reacts within 1 day of hydration.  





Fig.5.2: Solid phase composition from Rietveld refinement as function of time for S1‒WP formulation. The 
error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages.  
The content of portlandite increases from 6 hrs to 90 days of hydration which is consistent with the 
continuous consumption of C3S and C2S (reaction 2.1 and 2.2). The content of portlandite calculated 
from the Rietveld refinement does not exceed 8.9 g/100g paste. The time dependence of the content of 
monocarboaluminate was not determined in terms of absolute and relative fractions since a good fit 
between the measured data and the selected model was not obtained, due to the poor‒crystalline 
structure of the phase. However, it is possible to evaluate the intensity of the strongest peak of the 
phase and then consider it as a measure of the quantity (Fig.5.3). The reflection of 
monocarboaluminate was cleary visible at 7 days from hydration. With time its intensity increases and 
the second most intense peak at 23.54° 2θ appears (see Fig. 5.1). The formation of AFm‒carbonate 
equivalents instead of monosulphoaluminate is associated with the presence of calcite in the used 
Portland cement (see Table 4.3, Section 4.1). It is assumed that the formation of monocarboaluminate 
accurs accordig to reaction (2.10) as described in Section 2.1. The amount of ettringite increases in the 
first 7 days up to 5 g/100g paste, followed afterwards by a decrease and an increase at 90 days of 
hydration. The decrease indicates a possible conversion of ettringite to monosulphoaluminate 
(reaction 2.23, Chapter 2, Section 2.3) whereas the increase after 28 days suggests additional 
formation of the phase as a result of the reaction of monosulphoaluminate with calcite and/or calcium 
hydroxide: 
3 12 3 32 4 113 2 18 3 2C AC S H C C H C A C S H C AC H         (5.1) 
0 53 12 3 32 4 123 19 3 2C C A S H C H C C H C A C S H C AC H     .       (5.2) 
XRD indicates increase of portlandite over time, hence reaction (5.1) is more likely to take place. 




Finally, the total amount of apparent amorphous content increases over time reaching a maximum 
value of ~68 g/100 g paste. The occurrence is in alignment with the eventual precipitation of C‒S‒H 
and AFm phases.  
 
Fig. 5.3: Intensity of the strongest peak (d001) of monocarboaluminate as a function of time for S1‒WP 
formulation.  
 
TGA analysis mainly confirmed the mineralogical observations obtained from XRD. The weight loss 
recorded from TGA and the DTG curves of S1‒WP formulation at selected ages are depicted in 
Fig.5.4 
 
Fig.5.4: TGA and DTG curves at selected ages for S1‒WP formulation. Phase abbreviation: (Ms) for 
monosulphoaluminate and (Mc) for monocarboaluminate.  
Portlandite decomposes between 400 and 600 °C, whereas calcite decomposes between 600 and 800 
°C. The content of portladite increases over time as shown from QXRD, while calcite content 




decreases. The presence of C‒S‒H and ettringite are indicated in the DTG curves. There is a severe 
overlap of both phases in the region of 50 to 150°C. The DTG curve shows an apparent increase of C‒
S‒H and ettringite phase. DTG also confirms the formation of monocarboaluminate over time [25]. 
Finally, an additional small hamp , which first appears at 28 day from hydration in the region around 
180‒190°C, was associated with the monosulphoaluminate phase [174]. Monosulphoaluminate was 
not detected in any of the X‒ray diffractograms, thus suggesting that if formed, the phase is X‒ray 
amorphous.  
 
Ternary binder (S2) 
Fig.5.5 shows the XRD diffractograms of formulation S2‒WPMG at selected ages. A model 
containing the phases of C3S, C2S, CA, C2AS, anhydrite, calcite, portlandite, ettringite, 
hemicarboaluminate and monocarboaluminate was found to explain all peaks observed in the X‒ray 
powder diffraction. Gypsum is not detected in any of the diagrams, thus indicating that both sulphate 
sources were consumed very quickly. C‒S‒H as a major hydration product is X‒ray amorphous, 
hence not detected in any of the X‒ray patterns.  
 
Fig.5.5: (a) XRD diffractograms of S2‒WPMG formulation at selected ages. Phase abbreviations: (E) for 
ettringite, (HC) for hemicarboaluminate, (Mc) for monocarboaluminate and (P) for portlandite. The marked area 
indicates the region where the X‒ray powder diffraction patterns of C3S, C2S, CA and C2AS exhibit the 
strongest overlap. 
 




The data from Rietveld refinement are plotted in Fig. 5.6. The term “Minor phases” on the graph 
refers to the total amount of anhydrite (detected only the first 2 hrs of hydration) and C2AS. Both 
phases are presented in very low amounts.  
 
Fig.5.6: Solid phase composition as a function of time from Rietveld refinement for S2‒WPMG formulation. 
The error bars represent the standard error σ of three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of 
anhydrite and C2AS.  
C3A reacts significantly and is consumed within the first 24 hours of hydration, followed by C3S 
which reacts until 56 days. At 90 days of hydration, ~ 2.6 g/100 g paste C3S are detected in the 
sample, which corresponds to a hydration degree of ~ 90%. The hydration of C2S is relatively slow 
and the phase starts to react after the first 7 days of hydration. The CA phase, is totally depleted at 56 
days from hydration. Finally, a general decrease in the calcite content is observed during the 
hydration. The amount of ettringite decreases at very low peace over time. A clear decrease is 
observed only after 28 days of hydration. The amount of portlandite slightly increases over time. 
When comparing the respective amounts of ettringite and portlandite formed in the S1‒WP and S2‒
WPMG pastes, it becomes clear that the addition of CAC and sulphate in the plain Portland cement 
enhances the formation of ettringite and hinders precipitation of portlandite. The enhancement of 
ettringite amount is directly linked to the increase of SO3/Al2O3 ratio. Whereas, the decrease of 
portlandite content in the presence of more sulphate is related to the higher Ca/Si ratios in the C‒S‒H. 
Studies [26], have shown that when more sulphate is added to Portland cement, besides the increase 
of SO3 in the C‒S‒H, a simultaneous increase of the Ca2+ ions in the C‒S‒H occurs. The phenomenon 
indicates a coupled uptake of the Ca2+ and SO42- ions within the C‒S‒H, resulting in less portlandite 
formation.  




Furthermore, in formulation S2‒WPMG, besides monocarboaluminate, the precipitation of 
hemicarboaluminate also occurs. The dependence of hemi‒and monocarboaluminate intensity on the 
hydration time is shown in Fig. 5.7.  
 
Fig.5.7: Intensity of the strongest peak (d001) of hemi‒ and monocarboaluminate (Hc at 10.8° and Mc at 11.7° 
2θ) as a function of time for S2‒WPMG formulation. 
The first appearance of both phases is witnessed at 1 day of hydration. Hemicarboaluminate reflects 
the highest intensity, which increases significantly up to 28 days from hydration and is then followed 
by a strong decrease. The intensity of the latter stays relatively stable up to 56 days of hydration and 
then an increase follows. Hemicarboaluminate was not observed in S1‒WP formulation, but is formed 
in S2‒WPMG formulation where the SO3/Al2O3 ratio is much higher. The observation is in agreement 
with previous studies [26]. Similar to the S1‒WP paste, a high amount of apparent amorphous content 
is calculated in the S2‒WPMG formulation. Within 90 days of hydration, the amount increases from 
~17 to 72.2 g/100 g cement paste.  
 
TGA analysis was performed in the S2‒WPMG formulation and the data are plotted in Fig. 5.8. 
TGA/DTG data are in good agreement with the XRD results; hence confirming the precipitation of 
ettringite, C‒S‒H, portlandite and calcite. Portlandite content exhibits an increase over time, while the 
amount of calcite decreases. Monocarboaluminate precipitates in the region between 180 and 200°C 
From the TGA curves, the presence of hemicarboaluminate was observed, showing a broad flat signal 
in the range ~250‒350°C [157], the intensity of which increases over time. Monocarboaluminate and 
hemicarboaluminate dehydrate in the same temperature region, whereas hemicarboaluminate loses 
water in the same temperature range as AH3. An unambiguous discrimination of the signal of each 
phase is not possible due to the severe overlap.  





Fig.5.8: TGA and DTG curves at selected ages for S2‒WPMG formulation. Phase abbreviation: (Hc) for 
hemicarboaluminate, (Mc) for monocarboaluminate and (Ms) for monosulphoaluminate. 
The experimental evidences from XRD and TGA analysis reveal a relatively complex hydration 
mechanism for both S1‒WP and S2‒WPMG formulations. The main observations are summarized as 
follows: 
i. In both formulations the C3S and C3A phase precipitate in C‒S‒H, portlandite and ettringite 
formation according to reactions (2.1) and (2.3) in Chapter 2, Section 2.1. 
ii.  In formulation S2‒WPMG CA dissolves forming additional ettringite according to reaction 
(2.21) in Section 2 or reaction (5.3). 
3 323 2 32 3 3( )xCA C S H C x H C A C S H           (5.3) 
iii. When all sulphate source is consumed the remaining aluminate will react with calcite [26] to 
form combinations of hemi and monocarboaluminate (reaction 2.10 and 2.11 for the C3A). 
The CA phase might also react (reaction 5.4) with the carbonate source to form 
monocarboaluminate and AH3. 
4 11 33 17CA C C H C AC H AH           (5.4) 
In both formulations experimental evidence from XRD and TGA shows an increase of the 
Portlandite content over time, thus indicating that the phase does not contribute in the 
formation of hemicarboaluminate.  
iv. In formulation S1‒WPC, evidence for XRD suggests convertion of ettringite to 
monosulphoaluminate and afterward additional formation of ettringite as a result of the 
reaction of monosulphoaluminate with calcite (reaction 5.1). In formulation S2‒WPMG 
additional formation of ettringite according the above mentioned reaction appears to take 
place in a moderate peace as the values measured from QXRD show minor differences.  




v. In formulation S2‒WPMG, the decrease of intensity of hemicarboaluminate indicates the 
beginning of its conversion to monocarboaluminate. Torrens reported the formation of 
carbonate AFm equivalent in OPC rich ternary binders [47]. It was suggested that when 
calcite is completely consumed, aluminates react with monocarboaluminate to form 
hemicarboaluminate. The following reactions were proposed: 
0 53 4 11 4 122 2 .C A C AC H H C AC H          (5.5) 
0 54 11 4 12 34 22 2 3.CA C ACH H C AC H AH          (5.6) 
In contrast, the experimental evidence presented here shows that initially hemicarboaluminate 
forms, and afterwards the phase slowly transform to monocarboaluminate. Kuzel and 
Pöllmann [175] observed an early formation of hemicarboaluminate which later transformed 
to monocarboaluminate in systems composed of C3A, lime and gypsum. Similar observations 
were reported in later studies [25][26][176][177]. Our results are in agreement with the above 
mentioned references, whereas the cause of the initial formation of hemicarboaluminate 
remains unclear to us. According to Zajac et al. [26] the initial formation of 
hemicarboaluminate instead of monocarboaluminate could be due to either slow dissolution 
kinetics of calcite at high pH values or to a faster formation kinetic of hemicarboaluminate 
when compared to the kinetic of monocarboaluminate formation.  
 
Ternary binder (S5) and Binary binder (S6) 
This section displays the XRD and TGA results for the CAC/CSതHX rich formulations.  
Fig.5.9 shows selected XRD diffractograms for both systems. The main peaks are labelled. Unreacted 
CA, C3S, C2S, C2AS and gypsum are detected. C3S is not found in the S6‒WPM paste, since the 
formulation consists only of CAC and sulphate. Other minor phases, such as anhydrite and perovskite 
are also detected. The appearance of anhydrite peaks in the diffractogram of S6‒WPM paste at 6 hrs 
relates to the presence of this phase in the plain OPC. In terms of hydration products, XRD reveals the 
presence ettringite and monosulphoaluminate corresponding peaks at 9.09° and 9.85°2θ respectively. 
AFm‒carbonate equivalents are not found since neither of the formulations contains significant 
amounts of calcite. If silicate‒bearing phases hydrate, then other AFm phases such as strätlingite 
might form. The formation of strätlingite is confirmed by the presence of a diffraction peak at ≈ 7.04 
2θ° for formulation S5‒WPMG (Fig. 5.10). The phase is not detected in any X‒ray diffractogram of 
formulation S6‒MG (Fig.5.10). A very weak peak of AH3 appears in the region of 18‒21 2θ° 
(Fig.5.10). 





Fig.5.9: XRD diffractograms of S5‒WPMG (a) and S6‒MG (b) formulations at selected ages. Phase 
abbreviations: (E) for ettringite, (Ms) for monosulphoaluminate and (G) for gypsum. The marked area indicates 
the region where the X‒ray powder diffraction patterns of C3S, C2S, CA and C2AS exhibit the strongest overlap. 
 
Fig.5.10: XRD diffractograms of S5‒WPMG (a) and S6‒MG formulations (b) indicating the diffraction peaks 
of strätlingite and AH3. Phase abbreviations: (E) for ettringite, (Ms) for monosulphoaluminate, (S) for 
strätlingite and (G) for gypsum. 
The hydration process can be followed be examining the data reported in Figs. 5.11 and 5.12., which 
show the evolution of the phase assemblage deduced from the QXRD for each formulation. On the 
graphs the “Minor phases” refers to the overall amount of cement crystalline phases: C2S, CT, 
anhydrite for S5‒WPMG formulation and C2S, CT for S6‒MG formulation.  





Fig.5.11: Solid phase composition from Rietveld refinement as a function of time for S5‒WPMG formulation. 
The error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of C2S, 
perovskite and anhydrite.  
 
Fig.5.12: Solid phase composition from Rietveld refinement as a function of time for S6‒MG formulation. The 
error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of C2S 
and perovskite. 
In the S5‒WPMG paste, C3S is depleted after 1 day of hydration. Although CA is mainly consumed, 
small quantities are detected at 90 days of hydration. Gypsum is depleted very fast and only minor 
quantities (2 g/100 g paste) are detected at the age of 1 day. The amount of C2AS is relatively stable 
and only after 7 days slightly decreases. Although C2AS is regarded as hydraulically inactive [2], the 




decrease in its content indicates hydraulic activity. The low amount of C2S and perovskite (“Minor 
phases”) results in increased standard deviations.  
For S6‒GM samples, the Rietveld refinement revealed the presence of CA and C2AS as main 
crystalline anhydrous phases. The CA phase is mainly consumed, though some small amounts (4.3 
g/100 g paste) are detected at 90 days from hydration. Unlike in the S5‒WPMG formulation, the 
amount of C2AS starts to decrease at low pace after 1 day of hydration. Gypsum is still present in the 
system up to 90 days. The presence of gypsum over such a long time is due to the high content 
included in the original mixture. For both formulations, the amount of ettringite increases up to 1 day 
of hydration, later followed by a linear decrease due to its conversion to monosulphoaluminate. The 
amount of monosulphoaluminate increases from 3.4 and 3.04 g/100 g paste at 1 day to 6.7 and 7.2 
g/100 g paste at 90 days of hydration for formulation S5‒WPGM and S6‒GM respectively. 
Additional AH3 precipitates along with ettringite and monosulphoaluminate. Although few weak 
peaks in the XRD patterns can be observed (Fig.5.10), the quantification of the phase was impossible, 
due to its low crystallinity. The same applies to the strätlingite phase. Finally, high contents of the 
apparent amorphous are quantified at each hydration step for both formulations. The total amount 
increases over time, in particular after 1 day of hydration, when the conversion of ettringite to 
monosulphoaluminate occurs, thus indicating that some X‒ray amorphous hydrates are still formed.   
 
The XRD measurements are complemented by TGA analysis. Figs. 5.13 and 5.14 show the results at 
selected ages for both formulations. Gypsum is evident at 6 hours from hydration for S5‒WPMG 
paste. Ettringite is observed from the water loss at 120 °C. The content of ettringite increases up to 1 
day, followed afterwards by a slight decrease. An evident signal around 260 °C, confirms the presence 
of AH3, which precipitates to allocate the excess aluminum from the CA phase, according to reactions 
(2.20) and (2.21) in Chapter 2, Section 2.3. The amount of AH3 increases over time. 
Monosulphoaluminate appears initially as a small hump around 180‒190 °C starting from 1 day of 
hydration. As time progresses, its presence becomes clear and the intensity of the broad peak 
increases, indicating an increase in quantity. An additional exothermic peak correlated to strätlingite 
in the range between 160‒175 °C [174][178] is evident from 28 days from hydration.  
Gypsum, ettrigite, AH3 and monosuphoaluminate are indicated in Fig. 5.14 for S6‒MG paste. The 
amount of monosulphoaluminate and AH3 increases over time. The detection of 
monosulphoaluminate from XRD was possible only at 7 days of hydration, whereas TGA reveals that 
the phase begins to precipitates 6 hours from hydration. Strätlingite was also indicated in the DTG 
curves, although an unambiguous distinction is very difficult due to the severe overlap with gypsum 
and monosulphoaluminate. The absence of strätlingite peaks in the X‒ray diffractograms suggest that 
a less crystalline structure is formed. 





Fig.5.13: TGA and DTG curves at selected ages for S5‒WPMG formulation. Phase abbreviation: (S) for 
Strätlingite, (Ms) for monosulphoaluminate and (G) for gypsum.  
 
Fig.5.14: TGA and DTG curves at selected ages for S6‒MG formulation. Phase abbreviation: (S) for 
Strätlingite, (Ms) for monosulphoaluminate and (G) for gypsum.  
The precipitation of strätlingite in both cement pastes indicates a fast hydration of the calcium silicate 
phases. Le Saoût et al. [96] reported the precipitation of strätlingite in a blend made of 70% CAC and 
30% anhydrite. The phase was identified by XRD and predicted from thermodynamic modelling. 
Strätlingite was assumed to be a hydration product of belite, although the amount of the phase 
quantified from XRD was only 4.3wt.% . Strätlingite formation has also been reported in studies on 




CSA cement hydration [173][178] [179]. Its formation occurs through the reaction of C2S and AH3 
when portlandite and gypsum are absent and the following reaction has been proposed [173]. 
2 3 2 85C S AH H C ASH           (5.7) 
However, from our experimental evidence the latter mechanism is not supported for two main 
reasons: 
i. The DTG curves indicate a continuous precipitation of AH3 over time, rather than 
consumption of the phase.   
ii. The dissolution kinetics of C2S is very difficult to capture. Rietveld refinement shows a slight 
diminishment of the phase after 7 days of hydration in the S5‒WPMG paste, whereas the 
presence of strätlingite is indicated much earlier (see Fig.5.13). 
From the other hand, the CAC cement used here is abundant in C2AS and Rietveld analyses indicate 
hydration activity of the phase over time (Fig.5.11, Fig. 5.12).Taking into account these experimental 
evidences, it is reasonable to conclude that in the presented formulations, strätlingite is a reaction 
product of the gehlenite phase and the following reaction takes place.   
2 2 88C A S H C A SH           (5.8) 
Partial hydraulic activity of C2AS related with the precipitation of C2ASH8 in plain Calcium aluminate 
cements has been earlier reported from Gosselin [180]. The consumption of C2AS was observed in 
samples cured under water after 28 days of hydration. However the reaction remained slow and the 
microstructure was dominated by CAH10. It has also been suggested [180] that the use of accelerators 
like Li2SO4 could favor the precipitation of C2ASH8 from the early hours of hydration.   
 
5.2.2 Experimental evidence from 27Al and 29Si MAS NMR 
27Al MAS NMR 
Fig. 5.15 displays an overview of the 27Al NMR data for formulations S2‒WPMG, S5‒WPMG and 
S6‒MG at 6 hours, 1 day and 28 days. As expected, the intensity of anhydrous phases related to Al 
(IV) species at around 80 ppm decreases, whereas the presence of ettringite and AFm phases is 
confirmed from the resonances of Al (VI) species in the range of ‒10 to 20 ppm. 27Al MAS NMR 
confirmed the formation of strätlingite in S5‒WPMG and S6‒MG hydrated cement pastes.  
To better resolve the main hydrated phases of the studied formulations, deconvolution of the spectra 
was applied as explained in section 3. Deconvolution of the 27Al MAS NMR experimental spectra was 
performed using the VNMR 6.1B software [181].   
 





Fig. 5.15: 27Al MAS NMR spectra (14.1T, νR =13.0 kHz) obtained with high power 1H decoupling for S2‒
WPMG (a) , S5‒WPMG (b) and S6‒MG (c) formulations at 6 hours, 1 and 28 days of hydration. The 
abbreviation SB indicates the spinning side bands from ettringite. 
For the deconvolution a baseline was fitted to the spectrum using the regions between the peaks and 
side bands. Afterward a spectrum in a series was assumed representative of the series and it was 
simulated considering the isotropic chemical shifts of each phase from literature values. The created 
input file was adapted for each measured spectra with constrained positions and line widths. The 
intensity was allowed to vary from spectra to spectra. The line shape of the peaks associated with 
ettringite and AFm phases were described by a Lorentzian function.  
Fig. 5.16 shows the resolved spectra of S2‒WPMG paste. The spectra region for octahedrally 
coordinated Al (‒10 < δ <‒20 ppm) of the sample hydrated at 6 hours, exhibits three distinctive 
resonances, where the highest‒frequency peak δiso=13.2 ppm is attributed to ettringite [161]. The 
second resonance with a chemical shift at δiso=11.4 ppm was attributed to monocarboaluminate, 
hemicarboaluminate and monosulphoaluminate phases. The reported chemical shift for 
monosulphoaluminate is 11.8 ppm [182]. These AFm phases have a very similar quadropole and 
chemical shift parameters [182], thus cannot be unambiguously distinguished under the actual 
experiment conditions. The same applies to AH3 phase, which may appear at chemical shift δiso=11.5 
ppm or δiso=10.4 ppm [161]. A possible formation of AH3 in the S2‒WPMG paste cannot be 
confirmed from the acquired spectra. A third resonance at δiso=5.3 ppm is denoted to the third 
aluminate hydrate (TAH). The formation of TAH phase was first reported in a study conducted from 
Anderson et al. [163] in hydrated OPC pastes. The authors proposed that the TAH is an amorphous 
disordered aluminium hydroxide or calcium aluminate hydrate produced as a separate phase or as a 
nanostructure surface precipitate on the C‒S‒H. 





Fig.5.16: Experimental and deconvoluted 27Al MAS NMR spectra of S2‒WPMG formulation at 6 hrs, 1 and 28 
days of hydration.  
It was noted that their proposal was compatible with that of Taylor [2] according to whom, the main 
layers of C‒S‒H and AFm phases produce strong mutual attractions due to their opposite charges. 
Consequently, the AFm crystals are physically destroyed and their constituent layers are dispersed in 
the C‒S‒H phase, resulting in a poor‒crystalline structure not detectable by X‒ray or thermal 
analysis. Finally, similar to the QXRD results, the 27Al MAS NMR show a decrease of ettringite 
signal over time, whereas the signal denoted to the AFm phases increases. With time the δiso values of 
Al(VI) species are slightly down‒shifted and differences in line width are observed due to their 
disordered structure [88].   
The 27Al MAS NMR spectra of hydrated S5‒WPMG and S6‒MG pastes are shown in Fig. 5.17 and 
5.18 respectively. For the S5‒WPMG formulation, the contribution of ettringite phase in the 
octahedral region, is visible with two narrow distinct peaks at δiso=13.4 ppm and δiso=13.0 ppm. This 
observation is in agreement with the recent study of Skibted et al. [183], which for the first time 
reports resonances from two distinct Al sites in octahedral coordination for ettringite, by employing 
ultra‒high magnetic field (22.3T) 27Al MAS NMR. Two other broad signals centered at δiso= 10.5 
ppm and δiso= 7.8 ppm are denoted to the contribution from the octahedrally aluminium incorporated 
in the monosulphoaluminate and AH3 phases. 





Fig.5.17: Experimental and deconvoluted 27Al MAS NMR spectra of S5‒WPMG formulation at 6 hrs, 1 and 28 
days of hydration. A vertical expansion by a factor of 2 is employed for each spectrum in the region of 50 to 90 
ppm as compared to the original spectrum.  
A clear distinction between both of the phases is not possible, due to the severe overlap of their 
resonances. The presence of strätlingite in the S5‒WPMG cement pastes is confirmed from the 
resonance of two Al(IV) sites at δiso=61.8 ppm and δiso=68.4 ppm [88]. Strätlingite also appears in the 
range of δiso = 8.4 ppm [184].  
The same observations are also valid for formulation S6‒MG (Fig.5.18). For both systems, strätlingite 
is first detected at 6 hours from hydration, while its intensity in the spectra increases over time, thus 
indicating an increase in amount. Furthermore,  27Al MAS NMR spectra indicates an increase of AFm 
content over time, thus confirming the observations obtained from XRD and TGA. It must be pointed 
out that the formation of the TAH phase is not observed in any of the 27Al MAS NMR spectra 
acquired for the CAC‒ rich compositions. 
Finally, for all formulations, the region between 70 to 90 ppm is denoted to all individual 
contributions resulting from different anhydrous phases. For instance, Al substituting for Si in C3S 
and C2S resonate at around 80 ppm. C3A resonates at around 78.3 ppm and 79.5 ppm, whereas the CA 
phase is characterized by several chemicals shifts in the range from 81 to 86 ppm [185].  
 
 





Fig.5.18: Experimental and deconvoluted 27Al MAS NMR spectra of S6‒MG formulation at 6 hrs, 1 and 28 
days of hydration. A vertical expansion by a factor of 2 is employed for each spectrum in the region of 50 to 90 
ppm as compared to the original spectrum.  
 
29Si MAS NMR 
In order to check for experimental evidence of the C‒S‒H phase, 29Si MAS NMR measurements were 
conducted for each formulation at 28 days of hydration and the data are depicted in Figs.5.19 and 5.20 
for formulations S1‒WP/S2‒WPMG and S5‒WPMG/S6‒MG respectively. Both samples show a 
single broad resonance at around ‒74 ppm due to hydrated monomeric Q0 species [168]. Furthermore, 
each spectra indicates two easily resolved resonances at ‒78.4 ppm ‒83.76 ppm for S1‒WP 
formulation and ‒78.26, ‒83.81 ppm for formulation S2‒WPMG. The resonances around ‒78 ppm are 
attributed to dimmer and/or end‒unit silica tetrahedra Q1 C‒S‒H species, whereas the resonances 
around ‒83 ppm are related to the Q2 (0Al) middle units C‒S‒H. In between both these resonances at 
~82 ppm, a broad hump is shown. The hump is associated with the Q2(1Al) C‒S‒H species, thus 
indicting the substitution of a silica tetrahedron by a alumina tetrahedron. Two distinct resonances in 
Fig. 5.20 are attributed to Q2(1Al) and Q2 species due to polymerized sites of the strätlingite phase 
[161]. These two spectra indicate that most of the silicates in the CAC rich combinations precipitate in 
srätlingite formation. Clear, well‒resolved peaks in the range from ‒79 to 84 ppm, which might relate 




to the formation of C−S−H are not detected. However, both samples exhibit a peak at ~ ‒97 ppm 
attributed to HOSi(OSi)3 which is characteristic of tertiary (Q3) networks of silica tetrahedral in the 
layered structure of C‒S‒H [167]. The presence of C‒S‒H is expected in the S5‒WPMG formulation 
due to the presence of C3S in the dry mix. 
 
 
Fig.5.19: 1H‒29Si CP MAS NMR spectra (9.4 T) for formulation S1‒WP (a) and S2‒WPMG (b) at 28 days of 
hydration. Well‒defined peaks with approximate chemical shift of ‒78.26, – 78.40, ‒83.76 and ‒83.81 ppm are 
indicated in each case. 
 
Fig.5.20: 1H‒29Si CP MAS NMR spectra for formulation S5‒WPMG (a) and S6‒MG (b) at 28 days of 
hydration. Well‒defined peaks with approximate chemical shift of – 85.67, ‒85.80, ‒87.10, 97.61 and ‒96.91 
ppm are indicated in each case. 




The hydration mechanism which would lead in the precipitation of C‒S‒H in the S6‒MG formulation 
is not understood, since the dry composition of this mix is only based on CAC and sulphate source 
and the content of C2S phase in the CAC cement is minor (see Table 4.3, Chapter 4). In the plain 
Portland cement and OPC‒rich ternary system, the Q3 connectivity was not observed. Further 
experimental research is warranted to confirm or negate these observations.  
 
5.2.2 Estimation of amorphous hydrate phases from stoichiometric calculations 
As shown from the thermal analysis and MAS NMR experiments, the X‒ray amorphous hydrate 
fraction is mainly composed C‒S‒H, AH3 and AFm phases such as monosulphoaluminate, 
hemicarboaluminate, monocarboaluaminate and strätlingite. The respective amounts of each of the 
mentioned phases are estimated from stoichiometric calculations. The amounts of C‒S‒H and 
portlandite were calculated from reactions (2.1) and (2.2) assuming that all silicates are combined in 
C‒S‒H and portlandite. For C‒S‒H it is assumed that the Ca/Si ratio is ~1.7. The amount of 
monocarboaluminate was calculated from the consumption of the C3A phase according reaction 
(2.10). For formulation S2‒WPMG, the amount of monosulphoaluminate is calculated from the 
reaction of ettringite with the C3A (reaction 2.6). 
From the amount of CA which has been consumed, the amount of AH3 was calculated according to 
the reactions (2.21) and (2.23), along with and the amount of monosulphoaluminate. Strätlingate was 
estimated from stoichiometric reaction (5.8) for S5‒WPMG and S6‒MG pastes based on the 
assumption that C2AS is the only silicate phase that contributes to its formation. The amount of 
hemicarboaluminate is not calculated. As the quantification of ettringite is concerned, reasonable 
quantification from chemical reactions is very difficult since a significant amount of the aluminate 
and sulphates enter in the C‒S‒H phase (see Chapter 2, Section 2.3). The calculations do not account 
for the uptake of aluminium or absorption of sulphates in the C‒S‒H phase. On these grounds, 
stoichiometric calculations were applied only for the CAC rich formulations, although that the 
combination of CA phase not only in ettringite, but also monosulphoaluminate, is a source of error.  
As the progress of consumption of the anhydrous phases was transformed into the hydrate phases 
formed by stoichiometric equations, these empirical results allow a rough estimation of the degree of 
reaction over time and enable the calculation of changes in the hydrate assemblage.  
Results are summarized in Table 5.1. It must be noted, that the data reported here should be at best 









Table 5.1: Respective amounts of hydrate phases obtained from stoichiometric calculations. 
















0.25 27.0 ± 0.1 9.1 ± 0.3 n.q* ‒ ‒ ‒ 0.8 ± 0.3 
1 36.5 ± 0.5 12.7 ± 0.5 n.q ‒ ‒ ‒ 3.8 ± 0.2 
7 41.1 ± 1.1 14.5 ± 0.5 n.q ‒ ‒ ‒ 6.1 ± 0.5 
28 48.4 ± 0.5 16.5 ± 0.4 n.q ‒ ‒ ‒ 6.5 ± 1.5 
56 51.8 ± 0.5 17.3 ± 1.1 n.q ‒ ‒ ‒ 9.1 ± 0.8 
90 52.4 ± 0.3 17.5 ± 0.2 n.q ‒ ‒ ‒ 5.9 ± 1.2 
S2‒WPMG  
0.25 18.7 ± 1.1 7.2 ± 0.5 n.q ‒ ‒ ‒ ‒ 
1 23.5 ± 0.5 9.1 ± 0.2 n.q ‒ ‒ 2.1 ± 0.5 7.6 ± 0.8 
7 31.7 ± 1.0 11.8 ± 0.4 n.q ‒ ‒ 1.8 ± 0.6 7.4 ± 1.9 
28 36.5 ± 0.5 13.1 ± 0.2 n.q ‒ ‒ 1.7 ± 0.3 10.7 ± 0.5 
56 40.8 ± 0.1 13.7 ± 0.1 n.q ‒ ‒ 4.5 ± 0.1 16.3 ± 0.4 
90 42.1 ± 0.2 13.9 ± 0.1 n.q ‒ ‒ 4.3 ± 0.5 16.3 ± 0.4 
S5‒WPMG  
0.25 2.3 ± 1.3 1.0 ± 0.7 43.1 ± 1.6 10.2 ± 0.4 0.5 ± 0.3 ‒ ‒ 
1 5.0 ± 0.3 2.1 ± 1.0 34.8 ± 2.4 12.2 ± 1.4 1.7 ± 0.5 12.3 ± 1.5 ‒ 
7 5.4 ± 0.5 2.3 ± 0.3 31.9 ± 0.4 12.9 ± 0.8 2.2 ± 0.2 16.6 ± 2.3 ‒ 
28 5.4 ± 0.5 2.3 ± 0.3 30.7 ± 0.4 13.2 ± 0.8 3.2 ± 0.3 18.4 ± 3.0 ‒ 
56 5.4 ± 0.5 2.3 ± 0.3 27.9 ± 1.1 13.9 ± 1.1 5.3 ± 0.3 22.6 ± 4.0 ‒ 
90 5.4 ± 0.5 2.3 ± 0.3 30.6 ± 1.5 13.3 ± 1.1 6.6 ± 0.1 18.5 ± 4.2 ‒ 
S6‒MG  
0.25 ‒ ‒ 51.7 ± 1.7 12.8 ± 0.4 0.1 ± 0.1 ‒ ‒ 
1 ‒ ‒ 51.8 ± 1.2 12.9 ± 0.3 2.5 ± 0.2 ‒ ‒ 
7 ‒ ‒ 58.2 ± 1.2 14.5 ± 0.3 3.4 ± 0.9 ‒ ‒ 
28 ‒ ‒ 56.1 ± 1.8 15.6 ± 0.6 5.0 ± 0.4 4.8 ± 1.1 ‒ 
56 ‒ ‒ 53.7 ± 1.3 15.5 ± 0.4 5.3 ± 0.4 7.4 ± 1.1 ‒ 
90 ‒ ‒ 52.9 ± 2.3 16.1 ± 0.4 6.2 ± 0.8 10.4 ± 2.4 ‒ 
* n.q = not quantified 
In the following, the data assessed from the stoichiometric calculations are compared with the 
experimental evidences from QXRD and TGA. 
 
5.3 Evaluations 
5.3.1 Chemical composition of the X‒ray amorphous phases 
From the investigation of the plain Portland cement and ternary binder, high fractions of X‒ray 
amorphous phases were observed and values above 40 g/100 g paste were reported (Fig.5.2, Fig.5.6, 
Fig 5.11, Fig. 5.12). A mass balance calculation was used to determine the CaO, Al2O3, SO3 and SiO2 
contents of the X‒ray amorphous fraction (Fig.5.21). The basis for these calculations is the content of 
various phases obtained from QXRD as described in the approach used by Pelletier et al. [186]. On 
the one hand, the contents of various oxides in the whole system are calculated using the chemical 
composition of the OPC, CAC and calcium sulphate. The evolution of the various oxides over time 
was calculated from the increase or decrease of crystalline (anhydrous and hydrates) phases obtained 
from QXRD. 





Fig.5.21: Estimation from mass balance calculations of the chemical composition of the hydrates amorphous 
fraction in formulation S1‒WP (a), S2‒WPMG (b), S5‒WPMG (c) and S6‒MG (d). 
 
From the total chemical composition of the system for each oxide and the chemical composition of 
crystalline phases, it is possible to deduce the chemical composition of the amorphous fraction. The 
amounts of SO3, Al2O3, CaO, SiO2 and CO2 oxides are expressed as percentage of the total paste 
composition. It can be seen that the content of the oxides incorporated in the amorphous content 
increases over time. At 90 days of hydration, in formulation S1‒WP about 63% and 69 % of the 
sulphates and CaO are respectively incorporated in the apparent amorphous fraction, whereas for the 
Al2O3 and SiO2 oxides this value is around 88%. These observations show that the apparent 
amorphous content can be denoted to C‒S‒H and AFm‒type phases. In formulation S2‒WPMG, 
higher amounts of CaO were calculated in the amorphous fraction (~ 70%). Concerning the CO2 oxide 
at 90 days, in formulation S2‒WPMG 100 % of the oxide is incorporated in the amorphous content, 
whereas for formulation S1‒WP only 30% of it.  
Formulations S5‒WPMG and S6‒MG exhibit a different behavior. Around 32% of the sulphate 
source is found in the amorphous content for formulation S5‒WPMG, while for formulation S6‒MG 
only 11%. In formulation S5‒WPMG , the content of the CaO bounded in the X‒ray amorphous is 
around 66%, whereas in formulation S6‒MG only 33% of the total amount.  
 





Fig. 5.22: Evolution over time of the atomic ratios of the estimated oxide contents incorporated hydrates 
amorphous fraction for formulation S1‒WP (a), S2‒WPMG (b), S5‒WPMG (c) and S6‒MG (d) . 
Fig. 5.22 shows the atomic ratios Al/Ca, S/Al, Al/Si and Ca/Si calculated from the oxide contents 
plotted in Fig.5.21. Within the magnitude of the error the atomic ratios show similar trends in S1‒
WP/S2‒WPMG and S5‒WPMG /S6‒MG pastes respectively. The Al/Ca ratio stays relatively stable 
in all cases. The calcium to silicate molar ratio decreases over time, with a higher pace in formulations 
S5‒WPMG and S6‒MG. A strong decrease is also observed for the aluminium to silicate molar ratio. 
In a study conducted from Pelletier et al. [186] in combinations of calcium sulphoaluminate clinker 
with the OPC and sulphate sources, the decrease over time of the calculated Al to Si molar ratio was 
associated with the consumption of AH3 and the formation of a C‒S‒H type of phase. This occurrence 
would be in agreement with the detected resonances of Q3 C‒S‒H connectivity at ~ ‒97 ppm from 29Si 
NMR measurements.  
 
5.3.2 Comparison of semi‒quantitative and quantitative results 
In this section, the data obtained from Rietveld quantification, for the hydrate phases are compared 
with estimations from TGA method and stoichiometric calculations. 27Al MAS NMR was additionally 
used to quantify the content of ettringite.  
 




C‒S‒H and portlandite 
The formed C−S−H is obtained by the stoichiometric reactions of the dissolution of C3S and C2S as 
described in Section 5.2.3. The amounts of C‒S‒H originating from the dissolution of C3S and C2S 
phases (assuming that all silicates precipitate in C−S−H formation) are depicted in Fig.5.23.  
 
Fig.5.23: Stoichiometric calculations concerning the formation of C‒S‒H in formulation S1‒WP (a) and S2‒
WPMG (b). 
The formation of C−S−H is followed by the precipitation of Portlandite as a by‒product. Fig. 5.24 
compares the content of Portlandite estimated by three different methods: (1) QXRD, (2) TGA and (3) 
stoichiometric reactions for formulation S1‒WP and S2‒WPMG. The TGA data for portlandite were 
evaluated as described in Section 3.2.  
 
Fig.5.24: Comparison of the content of portlandite determined QXRD, TGA and stoichiometric calculations in 
formulations S1‒WP (a) and S2‒WPMG (b).  
There is not such a close agreement between the three different methods. TGA and stoichiometric 
calculations provide much higher values of portlandite, as compared to QXRD. All the used methods 




have a possible source of error, thus making quantification difficult. Stoichiometric calculations show 
the most pronounced discrepancy. The method assumes calcium to silicon ratio of 1.7, whereas for a 
precise quantification of C‒S‒H and consequently calcium hydroxide, additional information on the 
amount of Al and S in C‒S‒H is required. These elements were not subjected to investigation in the 
current work. Additionally, the formation of ettringite or AFm phases from other reactions than those 
considered here might consume portions of portlandite. The values obtained from TGA lie between 
those obtained from stoichiometric calculations and QXRD. At the 90 days of hydration the difference 
between the TGA and QXRD data are ~6.7 and 4.9 % for paste S1‒WP and S2‒WPMG respectively. 
Differences between the amounts of portlandite quantified by X‒ray diffraction and thermal analysis 
in a set of Portland cement were reported by Midgley [82]. The QXRD gave the lowest estimation of 
CH with a difference of about 2.7% compared to the thermal analysis, justified by the presence of 2.7 
% amorphous CH in the samples. Similar conclusions were pointed out in a later study by 
Ramachandran [187], postulating that the X‒ray method underestimated the CH content by not 
registering the presence of microcrystalline and near amorphous CH. Taylor [2] argued that the 
discrepancy between both methods is due to the limitations of thermogravimetric technique as it is not 
easy to delineate the temperature intervals corresponding to the weight loss, and several phases might 
lose weight in the same temperature range, thus greatly affecting the accuracy of the data. However, 
extractions methods gave similar results with the TGA techniques, with QXRD underestimating the 
content of CH [188]. According to nanoidentification studies [70][189], CH and the tobermorite 
structure of C‒S‒H would be intimately mixed, with CH possibly filling the C‒S‒H interlayer space. 
The monolayer of CH would be in a nanoscale size, therefore not detected by XRD.  
The data presented in this study, support the findings of Midgley [82] and Ramachandran [187]. In 
spite of the error sources originating from the TGA technique or stoichiometric calculations, the 
global trend of the results indicate an underestimation of calcium hydroxide content from the QXRD. 
The occurrence can only be explained by the presence of nonocrystalline or microcrystalline 
Portlandite in the cement pastes.  
The maximum amount of C‒S‒H estimated for formulation S5‒WPMG reaches a maximum of 5.4 
g/100 g paste. This is accompanied by a maximum of 1.2 g/100 g paste of portlandite. No C−S−H 
formation is predicted in formulation S6‒MG.  
 
Aluminium hydroxide (AH3) 
Fig. 5.25 compares the content of AH3 determined from thermal analysis and stoichiometric 
calculations. Stoichiometric calculations predict an increase over time of the AH3 with a maximum 
amount of 13.3 and 16.1 g/100g paste for formulation S5‒WPMG and S6‒MG respectively. 





Fig.5.25: Comparison of the content of AH3 determined by TGA and stoichiometric calculations in formulation 
S5‒WPMG (a) and S6‒MG (b).  
The amounts of AH3 calculated from TGA are nearly on the same range of those obtained from 
stoichiometric reactions. Since the differences lie in the measurements error (Chapter 3, Section 3.2, 
Fig 3.5), the results obtained from both methods are considered to be in reasonable agreement. This is 
an indication of the validity of both methods.  
The formation of AH3 was not predicted for formulation S2‒WPMG.  
 
Monosulphoaluminate and other AFm equivalents  
Monosulphoaluminate content was assessed for formulation S2‒WPMG, S5‒WPMG and S6‒MG. 
(Table5.1). A maximum amount of 4.3, 18.5 and 10.4 g/100 g paste is obtained for formulation S2‒
WPMG, S5‒WPMG and S6‒MG respectively.  
Fig.5.26 compares the results of stoichiometric calculations with those of QXRD for S5‒WPMG and 
S6‒MG pastes. The discrepancies between the contents of monsulphoaluminate obtained from 
stoichiometric calculations and those quantified by XRD are significant for S5‒WPMG formulation, 
whereas a better agreement is achieved for the S6‒MG paste. Overall, stoichiometric calculations 
predict higher amounts of monosulphoaluminate as compared to the amounts quantified from XRD. 





Fig.5.26: Comparison of the content of monosulphoaluminate determined by QXRD and stoichiometric 
calculations in formulation S5‒WPMG (a) and S6‒MG (b). 
The results presented here are in agreement with previous work [97][98] which have shown by 
comparison of XRD and 27Al NMR experiments that AFm phases have low crystallinity, thus making 
their identification/quantification by X‒ray technique difficult. The occurrence has also been 
supported by thermodynamic modelling [190]. 
Besides monosulphoaluminate, monocarboaluminate was evaluated for S1‒WP and S2‒WPMG 
pastes. Higher amounts of monocarboaluminate are predicted for formulation S2‒WPMG with a 
maximum of 16.3 g/100 g paste at 90 days of hydration (Table 5.1). The estimation is in agreement 
with the evolution of monocarbolauminate intensities depicted in Figs. 5.3 and 5.7.  
The maximum content of strätlingite assessed by the calculation for both formulations vary broadly in 
the same range with a maximum of 6 − 7 g/100 g paste at 90 days of hydration. The result is in 
disagreement with the 27Al MAS NMR evidence, where a stronger signal of the strätlingite specie is 
observed in formulation S5‒WPMG, compared with the S6‒MG paste.  
The evolution of AFm phase over time is found to be in good coherence with the increase of the 
amorphous portions reported by QXRD.  
 
Ettringite 
The quantification of ettringite is very challenging as there is no good independent method for its 
quantification. Up to now, QXRD has been the most used and accepted method among other 
techniques and in seldom cases thermal analysis is used. For formulations S1‒WP and S2‒WPMG the 
assessment of ettringite from thermal analysis would be unreliable due to the considerable overlap 
with C‒S‒H. A reasonable mass balance is very difficult due to the binding of the aluminates and 
sulphates into the C‒S‒H phase. For these reasons, the comparison of quantitative data for ettringite 




was concentrated on the CAC rich combinations only. Fig. 5.27 illustrates the content of ettringite 
obtained by QXRD, TGA and stoichiometric calculations.  
 
Fig.5.27: Comparison of the content of ettringite determined by QXRD, TGA, and stoichiometric calculations 
in formulation S5‒WPMG (a) and S6‒MG (b).  
From the obtained results, three main phenomena are observed: 
i First, TGA slightly overestimates the content of ettringite. This might be partially due to the fact 
that the TGA method accounts for not only for the weight loss of ettringite but also for the weight 
loss of C‒S‒H and other phases that dehydrate in the same temperature region, thus yielding to an 
increase in the systematic errors. The discrepancy is much pronounced in formulation S5‒WPMG.  
ii For both systems, the contents of ettringite estimated from the stoichiometric reactions are greater 
the contents reported from QXRD. The difference is much pronounced in the S6‒PMG 
formulations, exceeding 10 g/100 pastes. 
iii Globally, the trends in ettringite quantification by TGA and stoichiometric reactions suggest the 
formation of higher amounts of ettringite as those provided from QXRD 
In order to address the latter issue, 27Al MAS NMR is additionally applied to estimate the amount 
of ettringite. 27Al and 29Si MAS NMR techniques were recently used as tools for the 
quantification hydrated phases in CSA clinkers [88]. Both methods were found to be very helpful 
for the characterization of the hydration of cementitious systems due to their ability to detect both 
amorphous and crystalline phases. Herein, the quantification of ettringite for formulations S5‒
WPMG and S6‒MG was assessed at 6 hours, 1 and 28 days of hydration. The results are depicted 
in Fig.5.28. The data obtained from QXRD and the differences between the values obtained from 
both methods are also included. The orange dashed line indicates the content of ettringite 
estimated from stoichiometric calculations.  





Fig.5.28: Comparison of the content of ettringite determined by 27Al MAS and NMR QXRD for formulation 
S5‒WPMG (a) and S6‒MG (b). The orange dashed lines indicate the content of ettringite estimated from 
stoichiometric calculations.  
For both formulations, the ettringite contents reported from 27Al MAS NMR are clearly larger than 
those provided by QXRD. Additionally, there is a very good agreement between the amounts of 
ettringite obtained from stoichiometric reaction and those of 27Al MAS NMR technique. The 
difference between QXRD and 27Al MAS NMR is around 12 to 10 g/100 g cement paste at 6 hrs. of 
hydration and with time the gap decreases. In formulation S6‒MG, the differences between QXRD 
and 27Al MAS NMR results are significant even at 28 days of hydration. These observations suggest 
that during the early hydration time, ettringite is an X‒ray amorphous form, thus making XRD unable 
to register the whole precipitated amount. With time, the phase becomes more crystalline.  
To enable a better insight into the matter, a full mass balance calculation of the SO3, CaO, Al2O3, 
oxides was applied. In contrast with the data reported in Section 5.3.1, here the amounts of X‒ray 
amorphous hydrate phases obtained from the stoichiometric calculations were accounted for. The 
amount of oxides which have reacted for the formation of the hydrated phases was calculated as the 
difference between the initial content of the oxides at t = 0 (before the addition of water) and the oxide 
content of the anhydrous phases measured by XRD. The oxides contents of the precipitated hydrates 
obtained by XRD (for ettringite) and stoichiometric calculations (for monosulphoaluminate, AH3 and 
strätlingite) were calculated from their theoretical stoichiometry. From the amounts of oxides which 
have reacted and the amounts of oxides which have been incorporated into the considered hydration 
products, it is possible to deduce the amount of oxides which have not been incorporated in any of the 
considered hydrated phases. 
Fig.5.29 and Fig. 5.30 show the evolution of oxides content with time for formulation S5‒WPMG and 
S6‒MG respectively.  
 





Fig.5.29: Estimation over time of SO3, CaO, Al2O3 and contents from oxide mass balance based on the XRD for 
S5‒WPMG formulation. The dash‒dotted lines (referred as “Initial” in the legend) represent the maximum 
content of each oxide that can be hydrated and/or crystallized. 
 
 
Fig.5.30: Estimation over time of SO3, CaO, Al2O3 and contents from oxide mass balance based on the XRD for 
S6‒MG formulation. The dash‒dotted lines (referred as “Initial” in the legend) represent the maximum content 
of each oxide that can be hydrated and/or crystallized. 
 
In formulation S5‒WPMG, at 6 hrs of hydration 77 % of the sulphate has reacted, and out of this ~70 
% it has precipitated into hydrated phase the first day of hydration. The rest it is not incorporated in 
any of the hydrated phases considered here. For Al2O3 and CaO 60 and 50 % of the total amount has 
reacted respectively and from this, 65 and 48 % is incorporated into the considered hydrates. In 
formulation S6‒MG, ~80 % of the SO3 has reacted and ~80 % precipitates into hydrated phases. 
Around 60% of Al2O3 has reacted, with ~70 incorporated into the hydrate phases. Calcium oxide has 
reacted in a range of ~60%. From this amounts nearly 40% is not incorporated in the considered 
hydrates. However, these amounts must be incorporated into the apparent amorphous content and/or 




in pore solution. From here it is reasonable to assume that this oxides may be part of an AFt type of 
composition, thus justifying the discrepancies between QXRD and 27Al MAS NMR. 
Reported data on the matter would be consistent with our findings. For instance, Pederson [88] 
investigated the hydration of model mixtures of CSA clinker and gypsum by combination of XRD, 
27Al and 29Si MAS NMR. Significant differences between the amounts of ettringite quantified from 
QXRD and 27Al MAS NMR were reported, with QXRD technique underestimating the content of 
ettringite. It was postulated that the differences were due to the presence of a less crystalline form of 
the phase. Torrens et al.[110] investigated the changes in dimensional stability of OPC rich 
compositions, similar to those presented in this work. In the study, FTIR was used as an analytical 
tool for phase investigation. From the increase over time of the sulfate vibration absorption band, the 
formation of amorphous ettringite was assumed and it was held responsible the dimensional variations 
and loss of durability of the samples. Glasser [191] investigated synthetized ettringite over the course 
of its formation. The author reported that the early‒formed ettringite (minutes) precipitated in gel‒like 
form. The gel‒like form was found to be very labile. Within the first minutes, X‒ray diffraction 
recorded a weak ettringite reflection from the fresh precipitate, followed by strong X‒ray intensities 
during nucleation and crystallization. It was concluded that the phase gel‒like for might be a calcium 
sulphoaluminate gel whose composition is close to that of ettringite. In a study conducted by Ama et 
al. [192] mixtures consisting of C3A and gypsum were investigated by terms of XRD and 27Al MAS 
NMR. From the differences between both methods, the existence of C‒A‒H type of gel which also 
contained sulphate ions was implied, concluding that the conversion of AFm phases from AFt occurs 
through the precipitation of this gel like phase.  
However, the differences depicted in Fig. 5.28 do not imply that ettringite is amorphous in the sense 
that lacks of long ‒ range order (see Chapter 3, Section 3.1.2). Chances are that during its 
crystallization, a part of ettringite exist in a state in which the phase is in nanosize or microsize scale, 
thus not detected from XRD. As the hydration proceeds, the phase becomes more crystalline. In 
agreement with the postulations of Glasser [191], if the formation of a gel‒like phase with absence of 
long‒range order takes place takes place, than is highly questionable if the specie has a composition 
similar to that of ettringite and in all cases, the formation of such a specie has to be distinguished from 
that ettringite.  
 
Apparent amorphous content  
The amounts of apparent X-ray amorphous content deduced from QXRD and stoichiometric 
calculations for all formulations are compared in Fig.5.31. Both calculated and measured apparent 
amorphous contents show consistent trends characterized by an increase over time. The overall 
apparent amorphous content obtained from QXRD is slightly higher than the overall content gained 




from chemical reactions. At 90 days of hydration, the differences lie in the range of 7.2, 10.6, 10.9 
and 12.6 g/100 g paste for formulations S1‒WP, S2‒WPMG, S5‒WPMG and S6‒MG respectively. 
 
Fig.5.31: Comparison of the amounts of the apparent amorphous content deduced from QXRD and 
stoichiometric calculations for formulation S1‒WP (a), S2‒WPMG (b), S5‒WPMG (c) and S5‒MG (d).  
This occurrence can be partially justified by the formation of X‒ray amorphous ettringite, portlandite 
or other unaccounted AFm phases.  
 
5.4 Summary 
X‒ray diffraction combined with thermal analysis , 27Al and 29Si MAS NMR were applied as 
analytical tools to investigate the hydrate phase formation of plain Portland cement and three different 
formulations of ternary binders.  
The results showed that the hydrate phase formation and hydration mechanism varies depending on 
the amount of the raw material. Summarizing, the hydration mechanism of formulation S1‒WP and 
S2‒WPMG moves through two main steps. In the first step C3S, C2S, C3A and CA phase dissolve to 
form C‒S‒H, portlandite, ettringite and monosulphoaluminate according the reactions described in 
Section 2.1 and Section 5.2.1. In the next step, when the sulphate source is consumed calcite reacts 
with the remaining aluminates to form AFm‒carbonate equivalents such as hemicarboaluminate and 
monocarboaluminate. 27Al MAS NMR spectra (Fig. 5.16) revealed the precipitation of the TAH phase 
starting from the early hydration time of 6 hours.  




Similarly, for formulations S5‒WPMG and S6‒MG, the hydration scheme can be subdivided in two 
main periods. Globally, the first period relates to the dissolution of anhydrous phases and sulphate 
source. During this period, the hydration of the binders is mainly dominated by ettringite formation 
from the reaction of anhydrous phases with the sulphates according equations (2.20) and (2.21). The 
second period includes the formation of monosulphoaluminate through the consumption of ettringite 
according to equations (2.23), (2.24). Additional formation of strätlingite occurs due to the dissolution 
of Si‒bearing C2AS phase according reaction (5.8).   
X‒ray quantification based on the Rietveld method revealed the presence significant X‒ray 
amorphous fractions in all formulations. From the combination of X‒ray data with TGA and NMR it 
became evident that in the OPC rich combinations the major portion of X‒ray amorphous fraction is 
due to the C‒S‒H phase, whereas in the CAC rich combinations, the X‒ray amorphous originates 
from AH3 and the AFm phases. The contents of X‒ray amorphous hydrate phases were additionally 
estimated from TGA data and stoichiometric reactions. The amount of C‒S‒H was found to be in the 
range of 40‒50 g/100 g paste. AH3 is ~ 15 ‒ 20 g/100 paste, whereas the content of AFm phase varies 
from system to system. As the quantification of crystalline phases such as portlandite and ettringite is 
concerned, comparison of the TGA and stoichiometric results with QXRD data revealed that the latest 
underestimates the amounts of the aforementioned phases. The occurrence was associated with the 
presence of both phases in a nonocrystalline and/or microcrystalline state. Quantification of ettringite 
with 27Al MAS NMR at specific ages of hydration showed that the crystallinity of ettringite increases 
as a function of time.   
 








The hydration mechanism and phase assemblage of ternary binder systems varies as a function of 
several parameters. Calcium sulphate is a critical component of the mixed binder systems as its 
dissolution rate controls the sulphate ions in the solution and consequently the formation of ettringite. 
An important role also plays the type of cement used and the water content, therefore investigations of 
the influence of sulphate source, type of calcium aluminate cement and content of water were carried 
out. The main results and findings are summarized in the three sub‒chapters. Table 6.1 summarizes 
the mix design of the cement pastes, age of interest and type of tests.   
Table 6.1: Mix design of ternary binder formulations as a function of several parameters.  
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In the first series of experiments (Section 6.2), gypsum and anhydrite were varied as a sulphate 
source. A part of the results for the gypsum bearing formulations were presented in Chapter 5. In this 




chapter, the anhydrite bearing pastes are illustrated together with comparison of both series. 
Examinations involving the use of hemihydrate are not reported as hemihydrate can be assimilated to 
gypsum as soon as it has hydrated.  
In the second series of experiments (Section 6.3), the focus was shifted towards the CAC rich 
combination (S5, S6). Three types of CACs, namely a low, medium and high alumina grade (see 
Chapter 4, Section 4.1) combined with white Portland cement and gypsum were tested. Effects of the 
CAC variation on the hydration kinetics and phase assemblage were investigated by means of 
calorimetry, QXRD, TGA and 27Al MAS NMR. Part of this work has been published [193].  
In the last section (6.4), results of the influence of water content on the phase assemblage of the OPC 
rich mixture (S2) and CAC rich mixture (S5) are presented. In this part of the study, Ordinary 
Portland cement was mixed with low grade alumina CAC (L) and α‒hemihydrate (H). For 
formulation S2 the water content was varied from 0.32, 0.4, 0.5 and 0.75. In formulation S5, cement 
pastes with water to binder ratio of 0.65 and 0.9 were additionally investigated. Part of this work has 
been published [194]. 
 
6.2 Influence of sulphate source variation  
6.2.1 Heat of hydration 
Ternary binder (S2)  
The heat of hydration for S2‒WPMA and S2‒WPMG formulation are depicted in Fig. 6.1.  
 
Fig. 6.1: Heat of hydration for formulation S2‒WPMA and S2‒WPMG: (a) heat flow curve over 24 hours, (b) 
cumulative heat flow curve over 24 hours.  




The heat flow curves are very similar to the typical plot for plain OPC. Independently on the used 
sulphates, both cement pastes show an initial maximum in the heat flow curve, which occurs in the 
first minutes when water is added to the system. The initial maxima are attributed to the heat of 
wetting and the rapid dissolution of most of the cement phases and sulphate carriers [2]. 
In both curves, apart from the initial peak, there is only one distinct exothermic peak (acceleration 
period) attributed to the massive precipitation of C‒S‒H and portlandite, from C3S and/or C2S and 
precipitation of ettringite. From a closer examination, it can be seen that in the presence of gypsum 
the dormant period is slightly shortened. The S2‒WPMA paste shows higher heat flow than S2‒
WPMG during the first peak. Afterwards, the rate of heat evolution increases for S2‒WPMG 
formulation. At the end of 24 hours, S2‒WPMA mixture reached the highest cumulative heat of 
hydration, with a value of 157 J/g, whereas in mix S2‒WPMG the registered heat of hydration is 
around 144.5 J/g. 
 
Ternary binder (S5) and Binary binder (S6)  
The heat flow curves for formulations S5‒WPMG/S5‒WPMA (Fig.6.2) and S6‒MG /S6‒MA 
(Fig.6.3) exhibit a different behavior as compared to the rich OPC compositions. The height of the 
initial peak is slightly higher for the system containing gypsum as sulphate source in the ternary 
binder S5. 
 
Fig. 6.2: Heat of hydration for formulation S5‒WPMA and S5‒WPMG: (a) heat flow curve over 24 hours, (b) 
cumulative heat flow curve over 24 hours.  
The anhydrite bearing paste S5‒WPMA shows one main upward exothermic peak (acceleration 
period) which takes place 2 hours from the start of hydration. This heat event covers the main part of 
the hydration process and is mainly characterized by the precipitation of ettringite and AH3. Beyond 




the maximum, the heat flow decreases sharply, then at 22 hours from hydration a broadly distributed 
weak peak appears. It can be assumed that this event indicates the depletion of anhydrite, thus 
resulting in the formation of monosulphoaluminate according to equation 2.24. Contrary to 
formulation S5‒WPMA, on the heat flow curve of S5‒WPMG paste, two upward exothermic peaks 
are observed after the first inflection point at 3 hours. The time interval between these peaks is nearly 
5 hours. Beyond these two maxima, no other events take place and the heat flow approaches zero. The 
heat flow of the gypsum bearing paste appears to be less intense than that of the S5‒WPMA system. 
This difference is an indication of a lower intensity of the reactions taking place. The formulation 
containing gypsum as a sulphate source exhibits the highest cumulative heat, with a value of 160 J/g. 
It should be pointed out that since our system contains a small amount of OPC, the dissolution of C3S 
and C3A from OPC contributes to the heat flow curve.  
Similar to the other formulations, the heat flow curves of the binary system exhibit an initial 
exothermic peak within the first hour of hydration attributed to the rapid dissolution of phases during 
the wetting process. At this stage, the heat flow of the paste containing anhydrite is considerably 
higher than that of the system containing gypsum as sulphate carrier.  
 
Fig. 6.3: Heat of hydration of formulation S6‒MA and S6‒MG: (a) heat flow curve over 24 hours, (b) 
cumulative heat flow curve over 24 hours. 
Apart from the initial peak, there are two distinct exothermic peaks in the curves. For formulation S6‒
MG, the time interval between the two peaks is around 9 hours, while the elapsed time between the 
two events in the anhydrite bearing system is only 2 hours. In addition, the second and third maxima 
of S6‒MG are higher than that of S6‒MA. Finally, there is a significant delay in the appearance of the 
second peak for S6‒MG system. The so‒called “dormant period” is about 1 hour for S6‒MA and 
almost 3 hours for S6‒MG.  
 




6.2.2 Qualitative and quantitative results from XRD and TGA 
The X‒ray diffractograms, QXRD and DTG data of the formulations containing gypsum were 
described in Chapter 5. This section summarizes the results related to the anhydrite bearing 
formulations. Comparisons of the variation of the hydration degree for the anhydrous phases as a 
function of the sulphate source are also shown.  
 
Ternary binder (S2)  
No major differences were found in the systems containing anhydrite as a sulphate source. Figs. 6.4 
and 6.5 show the XRD patterns and TG/ DTG curves for the anhydrite bearing formulation at selected 
ages. The XRD analysis of system S2‒WPMA reveals the presence of C3S, C2S, CA, C2AS and 
calcite as anhydrous phases.  
 
Fig.6.4: XRD diffractograms of S2‒WPMA formulation at selected ages. Phase abbreviations: (E) for ettringite, 
(Hc) for hemicarboaluminate, (Mc) for monocarboaluminate and (P) for portlandite. The marked area indicates 
the region where the X‒ray powder diffraction patterns of C3S, C2S, CA and C2AS exhibit the strongest overlap. 
Calcite strongly overlaps with the C3S phase. The reflections of calcite were found up to 28 days of 
hydration. Anhydrite was not detected in any of the diagrams, thus indicating that the sulphate source 
is consumed very quickly. Similar to the gypsum bearing formulation (Fig. 5.7), in the mix S2‒
WPMA, hemicarboaluminate first appears at 1 day of hydration, while at 7 days of hydration a 
relatively large peak of monocarboaluminate is observed. 




In terms of quantification the respective amounts of each of the detected phases are plotted in Fig. 6.5. 
The content of ettringite increases up to 6 hours of hydration to a value of 19.5 g /100 g paste and 
afterwards a decrease of its content is observed, suggesting a conversation to monosulphoaluminate. 
The amount of portlandite shows a slight increase over and does not exceed 4.8 g/100 g paste. The 
apparent amorphous content strongly increases reaching a maximum value of 67.8 g/100 g paste.  
 
Fig.6.5: Solid phase composition as a function of time from Rietveld refinement for S2‒WPMA formulation. 
The error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of CT and 
C2AS.  
 
Fig.6.6: TGA and DTG curves at selected ages for S2‒WPMA formulation. Phase abbreviation: (Hc) for 
hemicarboaluminate and (Mc) for monocarboaluminate. 




The DTG curves complement well with the XRD data (Fig. 6.6). The presence of C‒S‒H, ettringite, 
portlandite, AFm phases and calcite are indicated.  
By taking into account the TGA and XRD results it can be concluded that independently on the used 
sulphate source the hydration mechanism does not differ much in both formulations.  
However, the influence of the sulphate source was further investigated by comparing the degree of 
hydration (α) of the main anhydrous phases for both formulations. Results are depicted in Fig. 6.7. 












           (6.1) 
where 0tphase nw  and 
t
phase nw  stand for the content of each phase at the beginning of the hydration (t0) 
and at the given time (t), respectively. 
 
Fig.6.7: Hydration degree of C3A, C3S, CA, C2S for formulations S2‒WPMA and S2‒WPMG. 
From the calculation of hydration degree several results can be drawn. First, the use of anhydrite 
appears to enhance the hydration degree of C3A and C3S at the early age of hydration. C3A is depleted 
within 1 day in both formulations. C3S reacts quite fast although at a slightly different pace from one 
formulation to the other. At the point of 90 days of hydration, almost 93 % of the C3S is consumed. 
The hydration rate of C2S is relatively low, with a hydration degree of 31 % and 23 % at 7 days for 
S2‒WPMG and S2‒WPMA respectively. In the long term, the dicalcium silicate phase reacts slightly 
faster for the formulation containing gypsum as sulphate source: At 90 days of hydration 2.5 g/100 g 




paste was quantified for S2‒WPMG, whereas 3 g/100 g paste remained in S2‒WPMA at the same 
time. This corresponds to a hydration degree of α = 77 % and 72 % for formulation S2‒WPMG and 
S2‒WPMA respectively. Although that the difference is small, it indicates a certain tendency. The CA 
phase shows a dependence on the used sulphate source. From the graph, it can be observed that at an 
early age (2 hours and 6 hours) the use of anhydrite enhances the hydration degree of the CA phase, 
whereas at 1 and 7 days the contrary occurs. The CA phase is completely depleted at 28 days and 56 
days for S2‒WPMA and S2‒WPMG respectively. 
 
Ternary binder (S5) and Binary binder (S6)  
Fig. 6.8 shows the XRD patterns for the anhydrite‒bearing formulations of the ternary S5 and binary 
system S6. The main peaks of each identified phase are labelled. 
 
Fig.6.8: XRD diffractograms of S5‒WPMA and S6‒MA formulations at selected ages. Phase abbreviations: (E) 
for ettringite, (Ms) for monosulphoaluminate and (Anh) for anhydrite. The marked area indicates the region 
where the X‒ray powder diffraction patterns of C3S, C2S, CA, C2AS, anhydrite and ettringite exhibit the 
strongest overlap. 
Unreacted CA, C2S, C2AS, and anhydrite peaks are detected in each of the diffractograms. Calcite 
reflections are observed at 90 days of hydration in the S5‒WPMA formulation. This might be due to 
carbonation of the sample. Secondary gypsum is not observed in the anhydrite‒ bearing samples. 
Thus, any calcium and sulphate originating from the dissolution of anhydrite are rapidly consumed by 
the formation of ettringite. Ettringite is the main detected hydrated crystalline phase for formulation 
S5‒WPMA and S6‒MA, similar to the gypsum‒bearing formulations. However, the diffraction 




intensity of monosulphoaluminate is relatively weaker and the peak is quite broader as compared to 
the latter formulations. No evidence of strätlingite was observed in any XRD diffractogram.  
The evolution of the phase composition over time deduced from the QXRD for each formulation is 
depicted in Figs. 6.9 and 6.10, whereas Figs. 6.11 and 6.12 shows the weight loss recorded by TGA 
and the DTG curves. 
 
Fig.6.9: Solid phase composition from Rietveld refinement as a function of time for S5‒WPMA formulation. 
The error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of C2S, 
perovskite.  
 
Fig.6.10: Solid phase composition from Rietveld refinement as a function of time for S6‒MA formulation. The 
error bars represent the standard error σ on three independent measurements of the same sample at all tested 
ages. The term “Minor phases” on the graph refers to the overall amount of cement crystalline phases of C2S, 
perovskite.  





Fig.6.11: TGA and DTG curves at selected ages for formulation S5‒WPMA. Phase abbreviation: (S) for 
strätlingite and (Ms) for monosulphoaluminate.  
 
Fig.6.12: TGA and DTG curves at selected ages for formulation S6‒MA. Phase abbreviation: (S) for strätlingite 
and (Ms) for monosulphoaluminate. 
Ettringite, AH3 monosulphoaluminate and strätlingite are indicated in the DTG curve. The amounts of 
monosulphoaluminate and AH3 are observed to increase with time. The traces of strätlingite are 
detectable at 90 days for the S6‒MA mixture. TGA reveals an increase of ettringite quantity up to 90 
days of hydration for this system.  
The hydration degree of CA, C3S and C2AS phases in the ternary binder S5 and hydration degree of 
CA and C2AS of the S6 binary as a function of sulphate sources are shown in Figs. 6.13 and 6.14. 





Fig.6.13: Hydration degree of CA, C2AS, and C3S phases for formulations S5‒WPMA and S5‒WPMG. 
 
Fig. 6.14: Hydration degree of CA and C2AS phases for formulations S6‒MA and S6‒MG. 
For samples S5‒WPMA and S5‒WPMG, the Rietveld refinement revealed that the CA phase reacts 
quite fast and around 65 % to 67 % of the phase is dissolved within 1 day of hydration. However, in 
the long term, the hydration of CA is not fully complete and small quantities are detected at 90 days 
of hydration. The hydration degree at 90 days, is almost in the same range, with α = 78% and 80% for 
formulation S5‒WPMA and S5‒WPMG respectively. Gehlenite hydration/reaction shows dependence 
on the type of used sulphate source. At 90 days of hydration, 4.3 and 2.7 g/100 g paste are quantified 
for S5‒WPMA and S5‒WPMG, corresponding to a hydration degree of 58 % and 70 % respectively. 
In both systems, C3S was consumed within 1 day. The use of anhydrite as a sulphate source enhances 
the hydration degree of C3S at 2 and 6 hours of hydration.  
For the binary pastes, the Rietveld refinement revealed the presence of CA and C2AS as main 
crystalline anhydrous phases. Within the first 6 hours of hydration, the hydration degree of the CA 
phase is around 52 % and 67 % for system S6‒MA and S6‒MG respectively. Unlike formulation S5‒
WPMG , the use of different sulphate sources affected the hydration degree of the CA phase, by 
enhancing its reactivity in presence of gypsum. At 90 days of hydration, the reactivity of CA was 
found to be 78 % and 86 % for S6‒MA and S6‒MG respectively. The gehlenite phase hydration rate 
also increases significantly in presence of gypsum.  




In terms of hydrated phase evolution, in mixture S5‒WPMA, as in the S5‒WPMG (Fig.5.11) paste, 
the content of ettringite increases up to 1 day of hydration and afterwards a decrease of its content is 
observed. The content of monosulphoaluminate follows a linear increase over time and at 90 days 
from hydration, its content was calculated to be 5.1 g/100 g paste. 
Sample S6‒MA shows a continuous linear increase of ettringite content over time. This result is in 
agreement with the TGA data which also reveals an increase of ettringite quantity up to 90 days of 
hydration. The detection and quantification of monosulphoaluminate from QXRD was possible only 
at 28 days, whereas TGA indicates that the phase precipitates much earlier (1 day). However, taking 
into account the results described in Chapter 5 Section 5.3 on the crystallinity of AFm phase, we 
assume that the amount of monosulphoaluminate formed is higher than that reported from QXRD. In 
contrast to S6‒MA, formulation S6‒MG (Fig.5.12) showed almost no increase of ettringite content 
beyond 1 day of hydration. 
Finally, the apparent amorphous content is very high at each hydration step for all formulations. Its 
content strongly increases over time, thus indicating that some X‒ray amorphous hydrates are still 
formed. At 90 days of hydration, the amount of amorphous content was calculated to be 47.3 and 35.6 
g/100 g paste for S5‒WPMA, and S6‒MA respectively. 
 
6.2.3 Evidence from 27Al MAS NMR 
27Al MAS NMR spectra are acquired for the anhydrite bearing samples. Fig. 6.15 displays the 
resolved NMR spectra for formulation S2‒WPMA at 1 and 28 days of hydration. No major 
differences are found from the gypsum‒containing pastes. The resonances of ettringite, Al (VI) 
hydrates and TAH phase are indicated in each of the deconvoluted spectra. There is a decrease of the 
ettringtie signal over time, whereas the intensity of the signal related to the AFm phases increases. 
 









Fig.6.16: Experimental and deconvoluted 27Al MAS NMR spectra of S5‒WPMA formulation at 1 and 28 days 
of hydration. A vertical expansion by a factor of 2 is employed for each spectrum in the region from 50 to 90 
ppm compared to the original spectrum. 
 





Fig.6.17: Experimental and deconvoluted 27Al MAS NMR spectra of S6‒MA formulation at 1 and 28 days of 
hydration. A vertical expansion by a factor of 2 is employed for each spectrum in the region from 50 to 90 ppm 
compared to the original spectrum. 
The deconvoluted 27MAS NMR spectra of formulation S5‒WPMA and S6‒MA are shown in Fig. 
6.16 and 6.17 respectively. 
The contributions of ettringite and other Al (VI) hydrates (monosulphoaluminate and AH3) are visible 
in the signals centered at δiso = 13.4, 10.5 and 7.8 ppm respectively. The two resonances at δiso = 61.8 
ppm and δiso = 68.4 ppm are associated with strätlingite. From a closer comparison of the spectra of 
the gypsum ‒ based pastes (Fig. 5.16 and 5.17) and anhydrite based pastes, it can be observed that in 
presence of anhydrite the formation of strätlingite is suppressed. A stronger signal of the phase is 
detected in the S5‒WPMG and S6‒MG formulations, while in the S5‒WPMA and S6‒MA pastes 
strätlingite is hardly visible at 1 day of hydration (especially for S6‒MA sample). This occurrence is 
in agreement with the hydration degree data reported in Figs. 6.13 and 6.14, where the use of gypsum 
as a sulphate source was found to enhance the hydraulic activity of the C2AS phase.  
 
6.2.4 The chemical behavior of sulphates 
The rates at which Ca2+ and SO42‒ ions are supplied by the calcium sulphate depend both on the 
amount and the chemical nature of the latter. The chemical behavior of sulphates in all investigated 
systems has been studied through the calculation of dissolution and crystallization of sulphate‒
containing phase as a function of time. The data plotted if Fig 6.18 shows the evolution of sulphate 
group (SO42‒) after dissolution/ reaction for all 6 formulations. Calculations are based on the approach 
reported from Pinazo et al. [195]. On the graphs, the dashed lines indicate the maximum content of 




the sulphate group (SO42‒) that can hydrate. The maximum amount of the sulphate group (SO42‒) in 
the anhydrite and gypsum bearing pastes differ, due to the different water content of the used sulphate 
source (e.g. gypsum has 2 water molecules, whereas anhydrite does not have any water molecule). 
The term “Left” refers to the remaining sulphates and the values are determined from the consumption 
of anhydrite or gypsum.  
 
Fig.6.18: Content of sulphate group (SO42‒) for S2‒WPMA/S2‒WPMG (a), S5‒WPMA/S5‒WPMG (b) and 
S6‒MA/S6‒MG (c). Dashed lines represent the maximum sulphate amount that can crystallize.  
The term “Crystallized” stands for the content of the sulphate group incorporated in the X‒ray 
detected sulphate‒bearing phases, such as ettringite and monosulphoaluminate. The values were 
calculated from the amounts of ettringite and monosulphoaluminate quantified from Rietveld. 
No major differences are observed in formulations S2‒WPMG and S2‒WPMA which contain the 
lowest amount of sulphate source. In both pastes sulpahte has fully reacted within 1 day. There is an 
apparent “decrease” of the crystallized sulphate group in both cases due to the conversion of ettringite 
into monosulphoaluminate (not detected from XRD). However from the reacted anhydrite or gypsum 
the maximum amount of sulphate group incorporated in the ettringite phase is ~76 % and ~75 % for 
S2‒WPMA and S2‒WPMG respectively.  
The main differences on the chemical behavior of the sulphate source are visible in the CAC‒ CSതHX 
rich formulations. At 90 days of hydration 100% of gypsum has dissolved/reacted in the S5‒WPMG 




paste, whereas only ~87% of anhydrite is dissolved in the analogue sample S5‒WPMA. From the 
dissolved/reacted sulphate ~79 % of gypsum has crystallized into ettringite and monosulphoaluminate 
for S5‒WPMG against ~67% for S5‒WPMA.  
Sample S6‒MA at 90 days of hydration shows the largest residual sulphate content with ~ 73% of 
anhydrite being dissolved, out of which ~66 % is crystallized in ettringite and AFm. In the analogue 
sample S6‒MG, ~83% of gypsum is dissolved and almost the same amount (~82%) is crystallized. 
The percentage of the sulphate group crystallized in ettringite and AFm phases appears to be higher in 
the gypsum based pastes. Furthermore, when comparing gypsum and anhydrite in the CAC ‒ CSതHX 
rich formulations, it can be seen that gypsum dissolves at faster pace than anhydrite. This is due to the 
higher disolution rate of gypsum as reported from Bayoux et al.[57]. The authors investigated diluted 
suspensions of mixes composed of CAC + gypsum and CAC + anhydrite at w/b = 20. Measurements 
of the disolution rate for gypsum and anhydrite gave values of 4.65 and 0.59 mM/l/min respectively. 
The disolution rate for the used calcium aluminate cement was reported to be 1.44/l/min. Furthermore, 
according to the aforementioned study, the disolution of anhydrite is further supressed by the 
precipitation of alumina gel around anhydrite grains, which leads to a chemical blocking due to the 
local interactions at the anhydrite/AH3 interface. Current investigation in mixtures of 70% CAC + 30 
% anhydrite investigated between 1.5 h and 91 days of hydration by SEM [96] revealed anhydrite 
grains embedded in a matrix of AH3 gel. The formation of these rims around the anhydrite phase 
would explain the presence of the latter in the S5‒WPMA formulation at 90 days of hydration, while 
in the analogues sample, gypsum has fully reacted at this stage of hydration.  
Figs. 6.19 and 6.20 compare the amount of hydrated phases as a function of sulphate variation for the 
ternary binder S5 and the binary binder S6. The content of AH3 was estimated from TGA data as 
described in Chapter 3, Section 3.2. The amount of ettringite in both gypsum – bearing pastes, S5‒
WPMG and S6‒MG reaches its maximum at 1 day of hydration. In the ternary binder formulation S5, 
during the first 24 hours of hydration, the gypsum‒ bearing paste develops more ettringite than the 
analogues sample, whereas at hydration times longer than 1 day, the anhydrite –containing paste 
shows slightly higher amounts of ettringite. In the binary system S6, the gypsum‒based formulation 
develops the highest content of ettringite up to 7 days of hydration. Furthermore, the data indicate that 
the use of anhydrite as a sulphate source stabilizes the ettringite phase, hence smaller amounts of 
monosulphoaluminate precipitate in the anhydrite‒based samples as compared to the gypsum‒based 
combinations. This observation is in agreement with previous research on OPC‒CAC‒CSതHX 
combinations [59][60][196].  
 





Fig.6.19: Comparison of phase evolution for S5‒WPMA and S5‒WPMG formulation. 
 
Fig.6.20: Comparison of phase evolution for S6‒MA and S6‒MG formulation. 
The estimated content of the AH3 phase is higher in the gypsum‒bearing pastes as compared to the 
anhydrite pastes, as is the overall apparent amorphous content. This result is to be expected, since in 
the samples containing gypsum more monosulphoaluminate is formed and consequently, higher 
amounts of AH3 as a byproduct would precipitate. The high contents of monosulphoaluminate and 




AH3 in the gypsum‒based pastes justify the higher values of amorphous content quantified in the 
aforementioned samples.  
The influence of sulphate source type on ettringite and AFm formation is also evident in the OPC‒
rich combinations, in spite of the low amount of sulphates in the original mixture. The contents of 
ettringite, apparent amorphous and the intensities of hemicarboaluminate and monocarboaluminate for 
formulations S2‒WPMG and S2‒WPMA are compared in Fig. 6.21. Similar to the CAC‒rich 
compositions, the anhydrite pastes develop a higher content of ettringite, whereas more AFm 
carbonate equivalents precipitates in the gypsum‒based pastes.  
 
Fig.6.21: Comparison of phase evolution for S2‒WPMA and S2‒WPMG formulation. 
 
6.2.5 Microstructure 
To determine differences in the microstructure, SEM investigations were carried out on samples at 1 
day of hydration. Fig. 6.22 shows hydrates in S2‒WPMA (a, b) and S2‒WPMG (c,d) pastes. In both 
OPC‒rich formulations the presence of C‒S‒H, large plate‒like crystals of portlandite, and short 
needle – shaped crystals of ettringite are identified. C‒S‒H is closely intermixed with the ettringite 
phase. No major differences are observed in between the morphology of hydrates in the investigated 
pastes.  





Fig.6.22: SEM micrographs of S2‒WPMA (a,b) and S2‒WPMG (c,d) pastes at 1 day of hydration. 
 
Fig.6.23: SEM micrographs of S5‒WPMA (a, b) and S5‒WPMG (c,d) pastes at 1 day of hydration. 
Fig.6.23 shows hydrates in S5‒WPMA (a, b) and S5‒WPMG (c, d) pastes. In the images of S5‒
WPMA paste (Fig. 6.23 a, b) the prismatic ‒ shaped ettringite crystals with hexagonal cross‒section 
are very well pronounced and grow firmly in all directions of the cement grains. Some other small 
needle‒shaped ettringite crystals are observed to grow on the sites of the large ettringite crystals. 
c) 




From the other hand, the micrographs of the gypsum ‒ based paste (Fig.6.23 c, d) show a dense flake‒
like membrane attributed to AH3 coating hexagonal prismatic ‒ shaped crystals of ettringite. 
Moreover, ettringite is hardly visible due to the abundance of AH3 surrounding it. This observation is 
in agreement with the large amounts of AH3 estimated from the TGA data in the gypsum bearing 
formulations (Fig.19, Fig.6.20). 
 
6.3 Influence of CAC variation 
The study presented in this section focuses on the CAC‒ CSതHX rich combinations only. A part of the 
results in the medium alumina CAC grade based combinations are shown in Chapter 5. 
6.3.1 Heat of hydration 
The heat flow curves for the ternary binder formulations (S5) and the binary binder formulations (S6) 
in the first 24 hours of hydration are depicted in Figs.6.24 and 6.25 respectively. The heat flow curve 
of formulation S5‒WPLG shows a shoulder followed by a hydration peak. In contrast, in the heat 
flow curve of S5‒WPMG and S5‒WPHG pastes, two upward exothermic peaks are observed after the 
first inflection point. The formulation based on medium alumina CAC, develops the shortest induction 
period compared to both other formulations, while there is a significant delay in the appearance of the 
second peak for the formulation containing the low alumina CAC. The so‒called “dormant period” 
lasts about 5 hours for this mixture. 
 
Fig.6.24: Heat of hydration for formulations S5‒WPLG, S5‒WPMG and S5‒WPHG, a) heat flow curve over 24 
hours, b) cumulative heat flow curve over 24 hours. 





Fig.6.25: Heat of hydration for system S6‒LG, S6‒MG, S6‒HG a) heat flow curve over 24 hours, b) cumulative 
heat flow curve over 24 hours. 
No major differences were observed in the heat flow curves of pastes the binary binder (S6) system. 
Apart from the initial peak, there are two different distinct exothermic peaks in each of the curves. 
Beyond these two maxima, no other events take place and the heat flow approaches zero. 
 
6.3.2 Qualitative and quantitative results from XRD and TGA 
Figs.6.26 and 6.27 compare the XRD patterns and the DTG curves of the ternary binder (S5) and 
binary binder (S6) at 28 days of hydration. 
 
Fig.6.26: XRD patterns (a) and DTG curves (b) for formulations S5‒WPLG, S5‒WPMG, S5‒WPHG at 28 days 
of hydration. Phase abbreviation: (S) for strätlingite and (Ms) for monosulphoaluminate and (G) for gypsum. 





Fig.6.27: XRD patterns (a) and DTG curves (b) for formulations S6‒LG, S6‒MG, and S6‒HG at 28 days of 
hydration. Phase abbreviation: (S) for strätlingite, (Ms) for monosulphoaluminate and (G) for gypsum. 
Ettringite and monosulphoaluminate stand as main crystalline hydrate phases in all cases. A broad 
hump in the 2θ range of 18‒21° attributed to the microcrystalline phase of AH3, is detected in the high 
alumina CAC based formulations (S5‒WPHG and S6‒HG). Ettringite, amorphous aluminium 
hydroxide AH3 are indicated in all DTG diagrams. The quantity of AH3 is higher in both high alumina 
CAC‒based pastes, as compared to the other systems. Additionally, the formation of silicious‒
hydrogranet is observed in the low alumina formulation S5‒WPLG. The X‒ray peak manifested a 
shift toward higher angles (2θ = 17.42°), indicating the incorporation of iron in the structure of Si‒
hydrogarnet as substitution of alumina [195]. No evidences of hydrogarnet phases are found in the 
analogue formulation S6‒LG. Moreover, weak humps at 2θ =14.1°, 21.35 ° attributed to the 
strätlingite phase are observed in the X‒ray diffractogram of formulation S5‒WPLG. Since the 
content of the C2AS phase in the low alumina grade CAC is relatively low (see Table 4.3), in this 
case, the formation of strätlingite, is attributed to the reaction of C2S with AH3 as described in Chapter 
5, section 5.2. The crystallization of strätlingite by reaction (5.8) is confirmed from the DTG 
measurements shown in Fig.6.28. The intensity of the endothermic signal ~ 250 °C slightly decreases 
over time, thus confirming the generation of strätlingite through AH3.  





Fig.6.28: DTG curves for S5‒WPLG pastes cured at 1 and 90 days of hydration  
From the above described occurrences it becomes evident that the type of CAC used and its 
mineralogical composition plays a key role in the hydration mechanism of the ternary systems. For 
instance, in the medium alumina CAC‒based samples (S5‒WPMG, S6‒MG) strätlingite is much 
more likely a hydration product of C2AS, while in the low alumina CAC‒based pastes (S5‒WPLG) 
the C2S phase generates strätlingite through the consumption of AH3. 
Figs.6.29 and Fig.6.30 display the content of ettringite, monosulphoaluminate and apparent 
amorphous as a function of CAC type variation for the ternary binder and binary binder formulations. 
In the ternary formulation, for the low alumina CAC based paste (S5‒WPLG), the content of 
monosulphoaluminate decreases after 28 days of hydration. This is likely due to the conversion of 
monosulphoaluminate with 12 molecules to monosulphoaluminate with 14 or 16 molecules of water. 
The amount of Si‒hydrogarnet phase in the same formulation is also quantified (red curve in 
Fig.6.29). The phase first appears at 28 days of hydration and reaches an amount of 8.1 g/100 g paste 
at 90 days.  
By comparing the amounts of ettringite it can be seen that, regardless of the type of CAC used, higher 
contents of ettringite tend to form in the low and medium alumina CAC‒based pastes, whereas high 
alumina CAC pastes develop more monosulpoaluminate. The occurrence is more pronounced in the 
binary cement pastes. In principle, the use of high alumina CAC in the ternary binders appears to 
destabilize ettringite, thus promoting the formation of AFm phases.  
Finally, the content of amorphous fractions varies from system to system. No clear correlation 
between the amounts of amorphous phases and the type of CAC used is found. 
 
 





Fig.6.29: Comparison of hydrated phase formation for S5‒WPLG, S5‒WPMG and S5‒WPHG formulations.  
 
Fig.6.30: Comparison of hydrated phase formation for S6‒LG, S6‒MG and S6‒HG formulations. 
Additionally, the hydration degrees for CA and CA2 phases of the different systems are compared in 
Fig. 6. 31. From the data obtained, two main observations can be drawn:  
Firstly, calculations reveal that the higher the content of alumina in the CAC cements, the lower the 
reaction degree of the CA phases. In the low alumina CAC‒based formulations almost 95% of the CA 
phase reacts, whereas the reaction degree of CA in the high alumina CAC systems barely reaches 65% 
(S5‒WPHG). 





Fig.6.31: Hydration degree of CA and CA2 as a function of CAC type for the ternary binder (S5) and binary 
binder (S6). 
This observation is in agreement with the work of Sawkow [197], which reported a decrease in the 
reaction degree of CA with the increase of alumina content in calcium aluminate clinkers with 
different phase compositions and different sintering degree.  
It was initially hypothesized that the differences in the hydration degree are caused by the different 
particle size distributions, fineness and/or blains of the used CAC. It is known that higher the surface 
area (i.e. the smallest particles) higher the hydration degree. Klaus [198] investigated the influence of 
the CA particle fineness on the hydration degree of the phase by means of In‒situ XRD and 
calorimetry. The author proved that the reaction of samples with coarser particles is characterized by a 
lower hydration rate. From a closer observation of the data shown in Table 4.1 in Chapter 4, such a 
correlation was not found. The low alumina CAC is characterized by d50 = 15.95 μm, and the 
medium and high alumina CAC are characterized by d50 = 8.92, d50 = 8.73 μm respectively. This 
discrepancy might be due to the complexity of our systems. In the aforementioned study only the 
hydration of pure phases was investigated.  
However, in the above‒mentioned work, it was further observed that regardless of the fineness of the 
used CA a full hydration of the phase is not achieved, although enough water would be available. 
After 22 hours of hydration about 35 rel.‒% of CA remained unhydrated. In our case, it can be seen 
from Fig.6.31 that the CA phase mainly reacts during the first 28 days of hydration and afterwards a 
plateau is reached. Residuals of the CA phase are found in the samples at 90 days of hydration. Klaus 
[198] implied that the hydration of the remaining CA is hindered due to the formation of a dense 
impermeable hydrated layer around the remaining CA particles. This dense hydrated layer was 
assumed to consist of colloidal AHx‒gel and C2AHx. Tretin et al. [199] investigated the primary 
hydration of CA by specific area analysis and differential calorimetric analysis. They reported a 
decrease of the specific surface area with ongoing hydration attributed to the formation and change of 
a reaction layer on the surface of monocalcium aluminate. The formation of an impermeable layer on 
the surrounds of the CA phase has been reported also by Gessner et al. [200]. The authors investigated 




the microstructure development during hydration of synthesized CA phase by measuring the 
hydration degree, heat evolution, specific surface area, pore size distribution, concentrations of the 
CaO and Al2O3 in the liquid phase and mobility of the protons of the water molecules fixed in the 
hydrate phases. It was concluded that the different reaction rates of the hydrated CA phase would be 
explicable by the formation of a reaction layer on the surface of the CA grains. It was also pointed out 
that the course of hydration of the CA phase is further influenced by the permeability of this shell, 
which decreases as a function of time. Taking into account these indications is reasonable to assume 
that the formation of an impermeable hydrated layer occurs also in our cement pastes. The variations 
in the hydration degree of the CA phase as a function of the used calcium aluminate cement could be 
associated with the different thickens of the hydrated layer, with the high alumina CAC‒based paste 
forming a denser shell.  
The production process of the CAC could also play a role on the hydration degree and reactivity of 
the CA phase. The production processes of the calcium aluminate cements used in this study differ. 
For instance, the low alumina CAC results from the firing process, whereas both the medium and high 
alumina cements are produced by sintering.  
Based on the data available in this work, the observation depicted in Fig.6.31 cannot be further 
addressed and all hypotheses presented here need further experimental tests. Measurements on 
simplified formulations of pure synthesized phases should be conducted in order to achieve a better 
understanding of the chemical behavior of the CA and CA2 phases.  
 
Secondly, the CA2 phase shows reaction activity. The hydraulic activity of the CA2 phase has always 
been a subject of debate among researchers. According to the data plotted in Fig.6.31, there is a 
significant increase on the hydration degree of the phase in the period of 1 to 56 days of hydration. At 
56 days of hydration almost 90% of the CA2 phase has reacted. According to Negro et al. [201] the 
CA2 phase is characterized by a lower solubility than CA. This could explain the very low reactivity 
of the phase prior to 1 day of hydration. Our observation is in agreement with the study of Edmonds 
and Majumdar [202], which reported hydraulic activity of CA2 in Secar 71, beginning at 28‒48 h and 
lasting up to several months. 
Similar to the CA phase, the hydration products of CA2 are AH3, CAH10, C2AH8 and C3AH6 at high 
temperatures [180]. Two main reactions take place at room temperature:  
2 10 313CA H CAH AH            (6.2) 
2 2 8 32 17 3CA H C AH AH            (6.3) 
Klaus [198] investigated the hydration kinetics of different combinations of CA and CA2 at ambient 
temperature by calorimetry and in‒Situ X‒ray diffraction. It was found that the hydration of CA2 does 
not initiate until the maximum heat of hydration from CA is attained. After that point, the CA2 phase 




reacts at a slower pace than CA and its dissolution results in the precipitation of C2AH8 according to 
reaction (6.3) and some additional C2AH7.5 based on reaction (6.4). 
2 8 2 7.5 0.5C AH C AH H           (6.4) 
The precipitation of AH3 at room temperature, during the hydration of CA2 was observed by Song et 
al. [203], by means of TGA and XRD.  
In our case is difficult to determine whether CA2 precipitates in AH3 formation since neither CAH10 
nor C2AH8 are observed in the XRD diffractograms. Indications on the DTG curves are difficult to 
interpret due to the severe overlap of C2AH8, CAH10, ettringite and other AFm phases [157]. 
However, from the TGA data, the content of AH3 in formulations S6‒LG, S6‒MG, S6‒HG is 
estimated and the results are plotted in Fig. 6.32. Calculations show that the amount of AH3 
precipitated in the high alumina CAC‒based formulation is significantly higher compared to the two 
other systems. This is possibly the result of additional AH3 precipitated from CA2 hydration. 
Nevertheless, due to the absence of CAH10 or C2AH8 reflections in the XRD diffractograms, it 
becomes difficult to discriminate in between the reactions that drive the hydration of CA2, since at 
room temperature the precipitation of C2AH8 competes with the precipitation of CAH10. 
 
Fig.6.32: Amount of AH3 estimated from TGA data for formulation S6‒LG, S6‒MG, S6‒HG.  
 
6.3.3 Evidence from 27Al MAS NMR 
The spectra obtained for the medium alumina CACs formulations were shown in Chapter 5, Section 
5.2. Here, 27Al MAS NMR measurements conducted in the high alumina CACs pastes are shown. The 
presence of ettringite, Al(VI) hydrates and strätlingite are indicated. 27Al MAS NMR measurement on 
the low alumina CACs pastes were not acquired due to the high content of iron in the dry mixture.  
 





Fig.6.33: 27Al MAS NMR spectra (9.4 T) obtained from the S5‒WPHG (a) and S6‒HG (b) pastes at 1 and 28 
days of hydration.  
Fig. 6.33 displays the 27Al MAS NMR spectra of formulation S5‒WPHG and S6‒HG at 1 and 28 days 
of hydration. The anhydrous CAC is characterized by signals in the range of 75 − 80 ppm, which 
corresponds to the Al(V) coordination of several phases such as CA, C2AS, CA2 [161]. In each 
spectra the presence of ettringite and signals related to the Al(VI) coordination are indicated. The 
observed signal at 10.5 ppm includes the contributions of AH3, monosulphoaluminate and possibly 
CAH10 and/or C2AH8. As described in Section 5.2.2, monosulphoaluminate is expected at 11.5 ppm, 
AH3 at 10.4 and 11.5 ppm, CAH10 or/and C2AH8 at 10.2 ppm [161][182]. From the 27Al NMR 
measurements, it is difficult to prove the formation of CAH10 and/or C2AH8 through the hydration of 
CA2 phase.  
Surprisingly in formulation S5‒WPHG, strätlingite is detected by the tetrahedrally coordinated 
aluminium sites at 61.9 and 68.5 ppm at 28 days of hydration.  
The detection of strätlingite in formulation S5‒WPHG raises questions on the hydration mechanism 
that leads to its formation. Precipitation as a hydrate product of gehlenite is unlikely, as the former 
phase is found in very low content on the high alumina CAC (Table 4.3). Formation through the 
reaction of C2S (mainly from OPC) and AH3 is excluded, since AH3 was found to increase over time. 
Midgley [204] reported the formation of strätlingite in mixtures of commercial high alumina CAC and 
OPC. It was suggested that the formation of strätlingite was due to the reaction of the C−S−H 
precipitated from C2S and CAH10 by the diffusion of silica ions on the structure of calcium aluminate 
hydrates. Although this is a plausible explanation, it has to be asked why C2S precipitates initially into 
C−S−H in the high alumina CAC system (S5‒WPHG), whereas in the low alumina CAC system (S5‒
WPLG) C2S reacts directly with AH3 to form strätlingite (Fig. 6.28). The literature does not provide 




any consensus among authors on the hydration of C2S. Some studies on Calcium Sulfoaluminate‒
Belite (CSAB) systems have reported the formation of C‒S‒H and/or C‒A‒S‒H from reactive belite 
[205][206]. The study conducted from Yeong et al. [206] on CSAB cement suggests that the ions 
released during belite hydration are locally constrained due to the formation of ettringite which 
densifies the matrix and coats the anhydrous cement grains thus limiting the hydration. Consequently, 
the belite ions are locally confined and not able to react with the aluminate ions, thus a C‒S‒H or low 
alumina C‒A‒S‒H may form on the surface of belite instead of thermodynamically stable strätlingite. 
In addition, the authors hypothesized that the precipitated C‒S‒H or C‒A‒S‒H phases are metastable 
and may with time convert to thermodynamically stable strätlingite. The formation of strätlingite does 
not occur in formulation S6‒HG. This possibly due to the absence of significant amounts of C2S in 
the dry mixture. However, further investigations are required to elucidate the hydration mechanism of 
C2S in ternary binder systems.  
It must be pointed out, that the formation of strätlingite through the reaction of C‒S‒H with CAH10 in 
formulation S5‒WPHG can be regarded as an indirect indication that the hydration of CA2 phase in 
the mix occurs according to reaction (6.2). 
Finally, in both formulation an additional signal at around δisso = 47.99 ppm is observed at 1 day of 
hydration. The chemical shift lies in the region of aluminium pentahedrally coordinated to oxygen. No 
data was found in the literature that could explain the observed resonance. The absence of this 
resonance at 28 days of hydration indicates that the specie is only temporally present in the system.  
 
6.3.4 Microstructure 
The microstructure of S6‒LG (Fig.6.34a), S6‒MG (Fig.6.34b) and S6‒HG (Fig. 6.34c,d) samples is 
observed by SEM at 1 day of hydration. Needle‒like ettringite are not clearly identified in the S6‒LG 
and S6‒MG combinations. This is due to the dense packing of hydration products [164][206]. A 
relatively dense microstructure is also observed in the high alumina CAC paste (S6‒HG). However, 
from a closer examination of the micrographs, very short needle‒like ettringite crystals (Fig.6.34d) 
are closely intermixed with the dense matrix of amorphous gels. From the picture, it appears that the 
short crystals start to join each other, thus forming a network. 





Fig.6.34: SEM micrographs of S6‒LG (a) S6‒MG (b) and S6‒HG (c, d) pastes at 1 day of hydration. 
 
6.4 Influence of water content 
6.4.1 Heat of hydration 
Ternary binders (S2) 
The hydration kinetics of formulation S2‒PLH is investigated at w/b ratios of 0.32, 0.4, 0.5, and 0.75. 
The aforementioned w/b ratios correspond to w/c ratios of 0.34, 0.43, 0.54 and 0.81 respectively. The 
maximum amount of water needed for a full hydration (considering reactions, 2.1, 2.2, 2.6 and 2.20) 
is estimated to be equal to a w/c ratio of 0.49.  
The isothermal calorimetry results for the all pastes are given in Fig. 6.35. The general trend of one 
main peak in the rate of evolved heat is identified in all samples, consistent with the general hydration 
calorimetry curve of plain Portland cement (Fig.2.1, Chapter 2, Section 2.1). The main peak of 
hydration is related with the precipitation of C‒S‒H phase, along with ettringite formations as 
described in Chapter 5, Section 5.2. The paste prepared at w/b = 0.32 develops the highest peak 
during the acceleration period, and as the w/b ratio increases, a slight decrease in the intensity of the 
acceleration peaks is observed. The cumulative heat evolution curves at different w/b ratios are barely 
distinguishable up to 5 hours of hydration and only start to diverge approximately at the points when 
the curves begin to plateau. The paste prepared at w/b = 0.75 generates the lowest heat as compared to 
the other mixtures. 





Fig.6.35: Heat of hydration for formulation S2‒PLH as a function of w/b ratio, (a) heat flow curve over 24 
hours, (b) cumulative heat flow curve over 24 hours. 
In a recent study conducted from Hernandez et al. [207] on Portland cement pastes the influence of 
different w/c ratios on the hydration kinetic was investigated. Based on numerical modelling of the 
hydration process, the authors argued that once the supercritical C‒S‒H nuclei form, their growth 
remains confined within a region in proximity to the cement particles. This was hypothesized to be a 
manifestation of the sedimentation of cement particles. As water content increases the cement 
particles are packed more closely, hence imposing a space constraint for C‒S‒H growth. Results from 
the study, also suggested that, unlike C‒S‒H, the ions in solution are not confined within this region. 
The transportation of ions throughout the volume of the paste causes the supersaturation of C‒S‒H to 
decline with increasing w/c, thus resulting in less heat release.  
However, the decrease of heat generation with the increase of water content may also be related with 
the larger dilution in the higher w/c pastes.   
 
Ternary Binder (S5)  
The heat flow evolution of formulation S5‒PLH is monitored at w/b ratios of 0.32, 0.4, 0.5, 0.65, 0.75 
and 0.9. These correspond to w/c ratios of 0.41, 0.51, 0.65, 0.84, 0.97 and 1.16. The maximum 
amount of water needed for a full hydration (considering reactions, 2.1, 2.2, 2.6 and 2.20) is estimated 
to be equal to a w/c ratio of 0.66, which nearly correspond to w/b ratio of 0.5. 
Fig. 6.36 depicts the heat flow and heat of hydration as a function of w/b ratio for formulation S5‒
PLH. The initial period (0 – 0.5 h) is characterized by a broad hydration peak, with the highest heat 
released by the paste at w/b ratio of 0.32. Besides the first dissolution peak at the beginning of 
hydration, all pastes except the sample prepared at w/b = 0.32, are characterized by a major hydration 




peak event taking place at around 2.5 hour of hydration. Furthermore, in the samples with w/b ratio 
higher that 0.5 a second upward exothermic peak at around 12 hours of hydration is observed. The 
event peak is related with the precipitation of AFm phases in the pastes, indicating an enhancement of 
AFm phase precipitation with the increase of water content. As the cumulative heat flow is concerned, 
the obtained curves are relatively close to each other. The general trend suggests an increase of the 
heat of hydration as the w/ b ratio increases from 0.32 to 0.75. The increase in the heat of hydration 
indicates a more active hydration of the pastes due to the high water content, leading to higher 
porosity facilitating ion mobility and chemical reactions.  
 
Fig.6.36: Heat of hydration for formulation S5‒PLH as a function of w/b ratio, (a) heat flow curve over 24 
hours, (b) cumulative heat flow curve over 24 hours. 
In addition, the cumulative curves of the pastes with w/b of 0.4 to 0.9, kept increasing after the two 
main hydration peaks, indicating a continuation of the hydration at high water contents. Finally, the 
paste at w/b ratio of 0.32 is characterized by the lowest cumulative heat, with a value of 147.5 J/g. 
 
6.4.2 Qualitative and quantitative results from XRD and TGA 
Ternary binder (S2) 
The experimental diffraction patterns and DTG curves of the 28 days hydrated samples at all 
investigated w/b ratios are depicted in Fig. 6.37. In the XRD patterns, the presence of ettringite, and 
portlandite as main hydration products is indicated. A small hump positioned at 11.7 2θ° associated 
with the monocarboaluminate phase is found at w/b ratio of 0.75. This might be due to the 
carbonation of the sample, reflected by the presence of calcite phase in the DTG diagrams. The 
presence of monocarboaluminate is also indicated in the thermal curves.  




As the water content in the sample increases, a decrease of the C‒S‒H/ettringite peak centered at 150 
°C in the DTG curve is observed.  
 
Fig.6.37: (a) Experimental XRD patterns and (b) DTG curves for samples prepared at different w/b ratios at 28 
days of hydration. Phase abbreviation: (P) for portlandite, (Ms) for monosulphoaluminate and (Mc) for 
monocarboaluminate.  
The contents of C3S, C2S, CA and C4AF phases as function of w/b ratios are plotted in Fig. 6.38. The 
evolution of the C3A phase was not shown; as the phase was found to dissolve relatively fast 
regardless the used water content (within 1 day of hydration).  
All phases show hydraulic activity manifested by a decrease of their content over time. The increase 
of w/b ratio leads to a slight enhancement of the hydration of C3S. However, residual reflections of 
the phase are found at 90 days of hydration in the paste with w/b ratio of 0.75. The contents of the 
other anhydrous phases are relatively close to each other regardless of the amount of water induced in 
the samples. It is noteworthy, that in the pastes prepared at w/b equal to 0.32 and 0.4 at 1 day of 
hydration, reflections of secondary gypsum were detected (not shown here ), hence suggesting a 
conversion of hemihydrate to gypsum.  
 





Fig. 6.38: QXRD results for the anhydrous phases as a function of w/b ratio in formulation S2‒PLH. 
Quantitative results for portlandite, ettringite and apparent amorphous content are shown in Fig. 6.39. 
 
Fig. 6.39: QXRD results for portlandite (a), ettringite (b) and apparent amorphous (c) as a function of w/b ratio 
in formulation S2‒PLH. 
As it can be seen, at hydration ages starting from 28 days, across all w/b ratios, portlandite contents 
are broadly similar. Differences are observed across samples at 1 and 7 days of hydration, with pastes 
at higher water contents developing slightly lower amounts of portlandite. The amount of ettringite 
appears to decrease as the water content increases. It has been reported that the increase of water 
content, destabilizes ettringite formation and enhances its conversion to monosulphoaluminate [194].  
From Fig. 6.39 (b) it can be observed that the amount of ettringite at 28 days of hydration shows a 
sharp decrease, followed afterwards by an increase of its content. This occurrence may arise from two 




facts: (i) the errors in the QXRD and more relevant, (ii) as described in Chapter 5, Section 5.2, the 
decrease of ettringite at 28 days of hydration indicates its conversion to monosulphoaluminate, that is 
latter followed by additional precipitation of ettringite throughout the reaction of 
monosulphoaluminate with calcite (reaction 5.1).  
Besides ettringite, the reaction of monosulphoaluminate with calcite would lead to 
monocarboaluminate formation, thus explaining the X‒ray signal of the aforementioned phase at 
samples with w/b = 0.75.  
In all cases, monosulphoaluminate is X‒ray amorphous, hence not identified in any diffractogram.  
Finally, across w/b ratios of 0.32 to 0.5 the contents of apparent amorphous fractions are broadly 
similar, reaching a maximum of ~70 g/100 g paste at 90 days of hydration, whereas in the pastes with 
w/b = 0.75 the maximum amount quantified is ~ 60 g/ 100 g paste.  
 
Ternary binder (S5) 
The mineralogical changes of the investigated cement pastes for formulation S5‒PLH are shown in 
Fig.6.40 (a) along with the corresponding DTG curves in Fig.6.40 (b).  
 
Fig.6.40: (a) Experimental XRD patterns and (b) DTG curves for samples prepared at different w/b ratios at 28 
days of hydration. Phase abbreviation: (S) for strätlingite, (Ms) for monosulphoaluminate and (G) for gypsum. 
Ettringite and monosulphoaluminate are identified as main hydration products in all pastes, resulting 
from the dissolution of CA. The XRD patterns show an increase of the monosulphoaluminate signal 
with the increase of water content. Besides monosulphoaluminate, the presence of strätlingite and 
silicium hydrogarnet phase at high water contents is identified. Both phases first appeared at pastes 
prepared with w/b = 0.5 at 28 days of hydration. The Si‒hydrogarnet phase (“katoite”) manifests a 
shift of peaks towards higher angles, thus indicating the incorporation of iron in the structure of Si‒




hydrogarnet in substitution of alumina. Secondary gypsum is detected in the pastes at w/b ratio of 
0.32. The occurrence suggests that hemihydrate is consumed for gypsum and ettringite formation. 
When all hemihydrate is exhausted, the formed gypsum goes to ettringite formation [48]. Reflections 
of hemihydrate were not detected at any X‒ray diffractograms, implying that the process takes place 
prior 1 day of hydration. The XRD results agree well with DTG data. Besides the above‒mentioned 
phases, the presence of aluminium hydroxide gel is identified in all DTG curves. AH3 severely 
overlaps with the Si‒hydrogarnet phase. Additionally, the formation of monosulphoaluminate is 
confirmed by the thermal analysis at w/b ratio of 0.4, whereas X‒ray initially registers the phase at 
w/b ratio of 0.5. 
The QXRD results of anhydrous phases as a function of w/b ratio are shown in Fig. 6.41.  
 
Fig. 6.41: QXRD results for the anhydrous phases as a function of w/b ratio in formulation S5‒PLH. 
The contents of CA phase are relatively close at w/b ratio of 0.32 and 0.4. As the amount of water 
content increases a faster dissolution of the phase is observed. From a stoichiometric point of view a 
water to cement ratio of 0.66 (w/b = 0.5) is necessary to achieve a full hydration. However, it is 
noteworthy that the phase does not diminishes completely and minor contents of CA are detected even 
at w/b = 0.9 at 90 days of hydration. C3S and C4AF are fully hydrated for w/s ratio of 0.65 to 0.9, 
while C2S is completely hydrated at 0.9 w/s ratio. At low water contents (w/b = 0.32 and w/b = 0.4) 
the C2S phase does not show hydraulic activity.  




The QXRD results of the hydrate phases are plotted in Fig. 6.42. The variation of the water content in 
the ettringite forming cement pastes results in a very complex hydration mechanism, mirrored in the 
evolution of the hydrate crystalline phases. As the evolution of ettringite content is concerned, two 
main phenomena can be distinguished:(i) in all cases, independently of the amount of water used there 
is a decrease in ettringite content as a function of time, suggesting its conversion to 
monosulphoaluminate, (ii) as the amount of water available in the cement pastes increases, the 
amount of ettringite decreases. 
 
Fig. 6.42: QXRD results for ettringite, monosulphoaluminate, Si‒hydrogarnet and strätlingite as a function of 
w/b ratio in formulation S5‒PLH. 
The amounts of ettringite in both cement pastes prepared at w/b of 0.32 and 0.4 are very close, 
implying that in both cases there is enough water to guarantee the hydration of the CA phase. These 
pastes also develop the highest amount of ettringite.  
The increase of water content appears to promote the formation of monosulphoaluminate. The phase 
is detected by X‒ray only when high amounts of water are used. The decrease of ettringite content as 
a function of time at low w/b ratios (0.32‒0.4) suggests that the formation of monosulphoaluminate 
occurs much earlier as detected by XRD. This is also sustained from TGA analysis (Fig. 6.40). The 
enlargement of available free space for crystallization can explain the increased content of 
monosulphoaluminate at pastes with high w/b ratio. Additionally, the amount of monoulphoaluminate 




follows a linear increase up to 28 days and upon further hydration, a decrease is observed. A similar 
occurrence was reported in a study conducted from Shang et al. [208], where the hydration of 
yeʹelemite phase (C4A3Sത) at different water/solid ratios was investigated. Base on the XRD 
examination of the samples at water/solid ratios of 0.3 to 0.7, the decrease in the intensity of 
monosulphoaluminate was associated with its conversion from a state with 12 molecules of water to 
monosulphoaluminate with 14 water molecules. As the AFm‒12 signal disappeared, the AFm‒14 
signal was observed to rise, and the following conversion reaction was proposed: 
4 12 4 142C ASH H C ASH           (6.5) 
However, in our case, AFm‒14 must be X‒ray amorphous, as it was not observed in any of the XRD 
patterns.  
The precipitation of Si‒hydrogarnet and strätlingite appears to be highly dependent on the water 
content.  
Si‒Hydrogarnet develops the highest amount at w/b = 0.5 and as the water content increase, its 
content decreases. Furthermore, there is a delay in time in the precipitation of the phase as we add 
more water to the system. For instance, at w/b = 0.9, around 2 g/100 g paste are detected only at 90 
days of hydration.  
Strätlingite is first detected at w/b = 0.65 and its content slightly increases at pastes with high water 
amount. Furthermore, the amount of strätlingite shows a linear increase up to 56 days and afterwards 
decreases. This might be due to the destabilization of the phase.  
Considering the above observations, it is assumed that: 
1. At w/s ratio of 0.5, the formation of Si‒hydrogarnet occurs through C2S dissolution, in which 
ferrite phase takes place. The participation of the ferrite phase in the reaction is based on the 
shift observed in the XRD signal and the fact that the C4AF phase shows hydraulic activity 
and dissolves quite quickly at high water contents (Fig. 6.41). Alvarez‒Pinazo et al.[195] 
proposed the following reaction: 
2 4 3 1 4 310 (4 1) (2 1)x xC S xC AF xH C A F SH x CH x AH          (6.6) 
2. At w/s ratio in the range of 0.65‒0.9 most of the C2S goes for strätlingite formation and Si‒
hydrogarnet is more likely a result of strätlingite destabilization as reported by the work of 
Wang [209].  
2 8 2 3 1.3 3.4 1.7 42 2.2 1.7C ASH C S H C AS H C SH         (6.7) 
It must be noted that the Si‒hydrogarnet phase (katoite) formed in the above reactions does not 
necessarily have the composition shown in reaction 6.6. A more general formula Ca3(AlxFe1‒
x)2(SiO4)3‒y(OH)4y is preferable, as the Al/Fe ratio and the x value are not determined.  




The effect of water content is also projected in the formation of X‒ray amorphous products. Fig.6.43a 
shows the impact of different w/b ratios in the amounts of amorphous fraction for samples hydrated at 
1 and 90 days. The amount of apparent amorphous fraction increases as a function of time. Most 
relevant, as the amount of water increases from 0.32 to 0.5, an increase in the amorphous content is 
observed, while it decreases when higher amounts of water are used (0.65‒0.9). This occurrence can 
be partially associated with the increase of crystallinity of monosulphoaluminate. At low w/b ratios 
(0.32 ‒0.5) monosulphoaluminate is mostly in an X‒ray amorphous state. The evolutions of 
amorphous fraction, ettringite and monosulphoaluminate as a function of w/b ratio at 90 days of 
hydration are depicted in Fig.6.43b.  
 
Fig.6.43: (a) Amount of apparent amorphous content as a function of w/b ratio at 1 and 90 days of hydration. (b) 
Amount of ettringite, monosulphoaluminate and overall amorphous phase content as a function of different w/b 
ratios at 90 days of hydration. 
 
6.4.3 Microstructure 
The effect of water content is projected in the morphology of hydration products. Visual information 
about the microstructure of the hydrates as a function of w/b ratio at 1 day of hydration, for the 
Portland cement rich formulation (S2‒PLH) is provided in Fig. 6.44. The pastes prepared at water to 
binder ratio of 0.32 (Fig. 6.44a) and 0.4 (Fig.6.44b) show finely dispersed hydration products along 
with unhydrated grains. The crystalline plate‒shaped portlandite is observed in pastes prepared at w/b 
ratio of 0.5 and 0.75 (Fig. 6.44c, Fig.6.44d). At these w/b ratios, a densification of the matrix is 
observed and the C‒S‒H phase exhibits a honeycomb‒like morphology.   
Fig. 6.45 shows SEM micrographs of formulation S5‒PLH at w/b ratios of 0.32, 0.5, 0.75 and 0.9. At 
w/b ratio of 0.32 (Fig.6.45a) ettringite exhibits a prismatic structure with hexagonal cross‒section. 




From the other hand, needles‒like crystal structure are observed in the pastes with w/b of 0.5 
(Fig.6.45b), 0.75 (Fig.6.45c) and 0.9 (Fig.6.45f).  
 
 
Fig.6.44: SEM micrographs of S2‒PLH with w/b = 0.32 (a), w/b = 0.4 (b), w/b = 0.5 (c) and w/b = 0.75 (d) at 1 
day of hydration.  
 
Fig.6.45: SEM micrographs of S5‒PLH with w/b = 0.32 (a), w/b = 0.5 (b), w/b = 0.75 (c, d), w/b = 0.9 (f) at 1 
day of hydration. Phase abbreviation: (Ms) for monosulphoaluminate. 




The same observations are valid for pastes prepared at w/b = 0.4 and 0.65 (not shown here). 
Furthermore, on samples prepared at water content of 0.32, 0.4 and 0.5 ettringite was found to form 
more on pores, whereas at higher water contents it is rather found on the cement grain. Finally, the 
presence of strätlingite and monosulphoaluminate (with plate‒like morphology) are indicated in 
samples at w/b of 0.75 (Fig.6.45c) and 0.9 (Fig.6.45f) respectively. 
 
6.5 Summary 
The influence of raw material and water content variation in ternary two ternary binders (S2, S5) and 
one binary binder (S6) was investigated by terms of calorimetry, QXRD, TGA and 27Al MAS NMR.  
The influence of the raw materials in the hydration of ternary binders was studied through the 
variation of sulphate source and calcium aluminate cement.  
Anhydrite and gypsum were varied as sulphate source. The hydration mechanism did not show 
significant changes upon the use of gypsum or anhydrite. Independently on the sulphate source, in the 
OPC‒rich combinations, C‒S‒H, portlandite, ettringite and AFm‒equivalents were detected as main 
hydration products, whereas in the CAC‒rich combinations ettringite, monosulphoaluminate, AH3 and 
strätlingite stand as main hydration products. In accordance with data reported in the literature, in all 
systems gypsum exhibited faster dissolution kinetics as compared to anhydrite. Furthermore, from the 
QXRD, the gypsum ‒ bearing paste were found to develop more ettringite than the analogues sample 
during the first 24 hours of hydration, whereas at hydration times longer than 1 day, the anhydrite –
containing pastes showed slightly higher amounts of ettringite. Additionally, the data indicated that 
the use of anhydrite as a sulphate source stabilizes the ettringite phase; hence smaller contents of 
monosulphoaluminate were quantified in the anhydrite‒based samples as compared to the gypsum‒
based combinations. Pastes of ternary binder S5‒WPMG and binary binderS6‒MG developed higher 
amounts of amorphous content, compared to the analogues samples. The SEM observations showed 
the presence of well crystallized prismatic‒shaped ettringite in formulation S5‒WPMA. In the 
analogues sample the ettringite crystals were embed in the AH3 gel, hence hardly resolved under 
microscope.  
 
The variation of CAC is found to have a great impact in the hydration mechanism and mineralogy of 
CAC‒rich combinations (S5, S6). Low, medium and high alumina CAC grade were used through the 
study. Ettringite, monosulphoaluminate and AH3 stand as main hydrate phases in all cases. In the low 
alumina CAC based formulation (S5‒WPLG) Si‒hydrogarnet (katoite) was identified at 28 days of 
hydration. The presence of strätlingite was identified from TGA and 27Al MAS NMR in formulations 
S5‒WPLG, S5‒WPMG, S6‒WPMG, and S5‒WPHG. From QXRD, it was found that the low and 
medium alumina CAC‒based formulations develop the largest amounts of ettringite.   




From XRD data the hydration degrees of the CA and CA2 phases were assessed. Calculations revealed 
a decrease of the hydration degree of the CA phase with the increase of alumina content in the CAC 
cement, possibly related with the formation of an impermeable hydrated layer around CA particles. 
The CA2 phase showed hydraulic activity during the hydration process, mirrored in the increase of 
hydration degree over time. The dissolution of CA2 phase resulted in additional precipitation of AH3, 
with the high alumina CAC based formulations developing the largest content of AH3 phase.  
SEM investigations at 1 day of hydration revealed the formation of needle‒like ettringite in the high 
CAC paste (S6‒HG). Contrarily, ettringite was not clearly identified in the S6‒LG and S6‒MG 
combinations, due to the dense packing of hydration products. 
 
The impact of water content was investigated in formulations S2 and S5. In the OPC rich formulation, 
C‒S‒H, portlandite and ettringite were identified across all w/b ratios. Furthermore, at pastes with 
high water content (w/b = 0.75) the formation of monocarboaluminate was identified by XRD. At 
hydration ages starting from 28 days, across all w/b ratios, portlandite contents were found broadly 
similar. Differences were observed in the samples at 1 and 7 days of hydration, with pastes at higher 
water contents developing slightly lower amounts of portlandite. The same observation applies to the 
evolution of ettringite content. From SEM investigation in pastes prepared at w/b ratio of 0.5 and 0.75 
a densification of the microstructure was observed with C‒S‒H exhibiting a honeycomb‒like 
morphology. 
In system S5, depending on the used w/b ratio, the evolution of the phase assemblage can be globally 
subdivided in two main stages. The first stage relates to low w/b ratio (0.32‒0.4) where the dissolution 
of CA, C3A and sulphate phases results in ettringite formation and X‒ray amorphous 
monosulphoaluminate and AH3. The second stage corresponds to w/b ratios of 0.5 ‒ 0.9, where C2S 
and C4AF significantly dissolve, thus besides ettringite and monosulphoaluminate other major 
hydration products as strätlingite, siliceous‒hydrogarnet (with iron incorporation) form. Strätlingite 
and plate‒like crystals resembling monosulphoaluminate were visible in the SEM micrographs of the 
aforementioned samples.  
The content of ettringite was found to decrease as the water content increased. Furthermore, the 
increase of water availability in the cement pastes decreases the amount of ettringite, thus resulting in 
increased content of monosulphoaluminate. The increase of monosulphoaluminate content as a 
function of w/b ratio was also due to the enlargement of available space for crystallization. At low 
w/b ratios (0.32 ‒0.5) monosulphoaluminate was mostly in an X‒ray amorphous state. Finally, a 
decrease in the apparent amorphous content was registered at pastes with w/b ratio of 0.65, 0.75 and 
0.9.   




7 Prediction of hydrate phases by thermodynamic modelling  
 
Besides XRD, TGA and MAS NMR, thermodynamic modelling was applied as a complementary tool 
for the prediction of hydrate phases in selected mix compositions, as described in Chapter 3, Section 
3.6. The calculated phase assemblage for formulations S1‒WP, S2‒WPMG, S5‒WPMG and S6‒MG 
studied in Chapter 5 are shown in Fig. 7.1.  
 
Fig. 7.1: Phase assemblage estimated using GEMS for (a) S1‒WP, (b) S2‒WPMG, (c) S5‒WPMG and S6‒MG. 
Phase abbreviation: (Ms) for monosulphoaluminate, (Hc) for hemicarboaluminate and (Mc) for 
monocarboaluminate.  
For the hydrated white Portland cement (Fig. 7.1a), the model predicts the formation of C‒S‒H, 
portlandite, ettringite and monocarboaluminate phases, consistent with the experimental data for S1‒
WP paste. The formation of monocarboaluminate is predicted since the beginning of hydration, 
whereas the phase was experimentally detected by XRD at 7 days of hydration.  




A good agreement with the experimental data is also obtained for the OPC rich formulation S2‒
WPMG (Fig. 7.1b), where the precipitation of C‒S‒H, portlandite, ettringite, monosulphoaluminate 
and AFm‒carbonate equivalents is predicted. It can be observed, that the amount of C‒S‒H and 
portlandite predicted in the ternary binder, is lower than the respective contents predicted for the plain 
Portland cement. The same occurrence was obtained from QXRD and stoichiometric calculations 
regarding portlandite and C‒S‒H content (Fig.5.2, Fig.5.6, and Table 5.1, Chapter 5, Section 5.2 and 
Section 5.3). Monosulphoaluminate is predicted by the model during the early hydration, although it 
was not identified by XRD, thus confirming the consumption of the phase for ettringite and 
monocarboaluminate formation according reaction (5.1). Furthermore, in time, as the system 
converges to thermodynamic equilibrium the hemicaboaluminate phase was found to diminish 
converting to monocarboaluminate, given the higher stability of the latter compared to Hc. From XRD 
investigation (Fig. 5.7), a decrease in the intensity of Hc was observed starting from 90 days of 
hydration.  
Regarding the CAC‒rich formulations S5‒WPMG and S6‒MG, the calculated hydrate phases are 
shown in Fig. 7.1(c) and 7.1(d) respectively. The predicted stable hydrate phases are ettringite, 
followed by monosulphoaluminate, AH3 and strätlingite, in agreement with the XRD, TGA and MAS 
NMR data. A decrease in ettringite content is observed in both systems. Furthermore, formulation S6‒
MG develops the highest amounts of ettringite and AH3, consistent with the QXRD (Fig. 5.11, Fig. 
5.12) and stoichiometric calculations for AH3 phase (Table 5.1). Monosulphoaluminate was first 
identified in the X‒ray patterns of formulations S5‒WPMG and S6‒MG at 1 and 28 days 
respectively, whereas thermodynamic modelling predicts the formation of the phase at earlier ages. 
The prediction of monosulphoaluminate by modelling during the early hydration is in agreement with 
experimental evidence from TGA and 27Al MAS NMR, hence indicating the low crystallinity of the 
aforementioned phase. Finally, strätlingite phase is predicted in both systems prior 1 day of hydration. 
Higher amounts of the latter phase are found to precipitate in S5‒WPMG paste compared to the S6‒
MG formulation.  
It is noteworthy, that no differences in terms of predicted hydrate phase assemblage were found in the 
anhydrite bearing formulations (not shown here).  
 
Modelled hydrate phase assemblage for formulations S5‒WPLG, S5‒WPHG, S6‒LG and S6‒HG 
studied in Chapter 6.3, showing the influence of CAC variation in the CAC‒rich combinations, are 
displayed in Fig. 7.2. In agreement with the experimental evidence, for the low alumina CAC based 
formulation S5‒WPLG (Fig. 7.2a) the predicted hydrates consist of monosulphoaluminate, ettringite, 
followed by AH3, strätlingite, and Si‒hydrogarnet with iron incorporation. The amount of ettringite 
increases up to 7 days of hydration and afterwards decreases. Experimentally from QXRD, the 
decrease in ettringite content is first observed at 1 day of hydration (Fig. 6.29). The modell also 




predicts a decrease in AH3 content from 7 days of hydration, accompanied with the appearance of 
strätlingite.  
 
Fig. 7.2: Thermodynamic phase assemblage estimated using GEMS for (a) S5‒WPLG, (b) S5‒WPHG, (c) S6‒
LG and (d) S6‒HG. Phase abbreviation: (Ms) for monosulphoaluminate.  
This occurrence is in agreement with the experimental evidence from TGA data, which indicates the 
formation of strätlingite through the reaction of AH3 and C2S, according reaction (5.7). In contrast 
with the XRD data, the Si‒hydrogarnet phase is predicted by modelling prior 1 day of hydration, 
whereas experimentally the phase was detected from 28 days of hydration. 
Regarding formulation S6‒LG (Fig.7.2c), ettringite, monosulphoaluminate and AH3 stand as main 
hydration products. Minor contents of Si‒hydrogarnet are predicted, in spite the fact that the phase 
was not experimentaly identified. In coherence with the XRD data, strätlingite is not predicted to form 
in the S6‒LG formulation.  
For the high alumina CAC based formulations, (Fig.7.2b, Fig. 7.2d), modelling predicts the formation 
of ettringite, AH3, monosulphoaluminate in accordance with the XRD and TGA results. In agreement 
with the 27Al MAS NMR spectra (Fig. 6.33a), the formation of strätlingite is predicted in formulation 




S5‒WPHG. Minor contents of the phase are also predicted in the S6‒HG pastes, although the phase 
was not identified by any experimental method in the aforementioned formulation.  
The formation of CAH10 phase as an intermediate product of the CA2 hydration is also shown in the 
graphs. The formation of CAH10 is directly linked with the solubility of microcrystalline AH3, which 
decreases with time due to the increase of the crystallinity of the phase. In order to account for the 
formation of CAH10, the solubility product of microcrystalline AH3 was increased by 0.3 log units 
[173]. However, small variations in the solubility data alter the stability fields dramatically. The 
precipitation of CAH10 in GEMS, suppresses the formation of monosulphoaluminate, since in ideal 
conditions the latter phase is thermodynamically favored over the formation of CAH10 and ettringite 
[173]. For instance, monosulphoaluminate is predicted in S6‒HG paste only at latte hydration ages, in 
disagreement with the XRD evidences which show the formation of the latter phase starting from 1 
day of hydration. The discrepancy is due to the alteration of solubility data in order that one can 
account for the precipitation of CAH10.  
 
Finally, Fig. 7.3 shows the thermodynamic modelling of the OPC rich formulation (S2‒PLH) and 
CAC rich formulation (S5‒PLH) as a function of the water content.  
 
Fig. 7.3: Thermodynamic phase assemblage estimated using GEMS as a function of water content variation for 
(a) S2‒PLH and (b) S5‒PLH. Phase abbreviation: (Ms) for monosulphoaluminate, (Hc) for hemicarboaluminate 
and (Mc) for monocarboaluminate.  
For the OPC rich formulation (Fig.7.3a), the precipitation of C‒S‒H, portlandite, ettringite, Si‒
hydrogarnet, monocarboaluminate and hemicarboaluminate is predicted independently of the amount 
of water used. The maximum amount of ettringite is predicted for pastes with w/b ≤ 0.4. The increase 
of water content favors the precipitation of hemicarboaluminate. 
The thermodynamic modelling results for the CAC‒rich formulation with different w/b ratios, are 
given in Fig. 7.3b. In agreement with experimental data, for pastes prepared at low water content (w/b 
= 0.32, w/b = 0.4), the modell predicts the formation of secondary gypsum from the dissolution of 




hemihydrate. Increasing the w/b ratio up to 0.4 leads to an increase of ettringite content. The 
maximum amount of ettringite is achieved for a w/b of 0.4 that corresponds to w/c ratio of 0.51. 
Utilizing w/b ratios higher than 0.4, promotes the formation of monosulphoaluminate. This result is 
consistent with the QXRD data reported in Section 6.4, Fig. 6.42. No variation in the behavior of AH3 
is observed during the variation water content.  
The main discrepancy between the experimental results and modelling are related with the 
precipitation of strätlingite and Si‒hydrogarnet phase. Although the results shown in Fig. 6.42 
indicate the formation of strätlingite and Si‒hydrogarnet from w/b = 0.65 and 0.5 respectively, the 
results of thermodynamic modelling clearly predict the formation of both phases regardless of water 
content. Furthermore, XRD also showed a diminishment of Si‒hydrogarnet phase for w/b = 0.75 and 
w/b = 0.9. Discrepancies on strätlingite formation between the experimental evidences from XRD and 
thermodynamic modelling have been already reported [179][206]. Jeong et al. [206] attributed these 
discrepancies to a kinetic effect. However, additional investigations are needed on the mater.  
 






Sequence of hydrate phase formation as a function of time 
Based on the experimental evidence and thermodynamic modelling results, the formation of the 
hydrate phases in the OPC‒rich formulations and CAC‒CSതHX rich formulations as a function of time 
are schematically represented based on the model‒diagram of Locher [27] (Fig.2.2). Figs. 8.1 and 8.2 
show a schematic representation of the hydrate phase formation in an OPC‒rich and CAC‒CSതHX rich 
formulation respectively. 
The phase assemblage in the OPC‒rich system as a function of time does not differ much from that of 
the plain Portland cement. In the diagram, the formation of C‒S‒H, portlandite, and AFm phases is 
shown. C‒S‒H, ettringite and portlandite form within the first hours of hydration. The content of C‒
S‒H and portlandite increases as a function of time. The behavior of ettringite depends on the 
availability of sulphate source. When the amount of sulphate source in the paste is insufficient, 
ettringite will eventually transform in monosulphoaluminate. In presence of calcite in the paste, the 
formation of monocarboaluminate and hemicarboaluminate will take place. In the OPC‒rich 
combinations the precipitation of hemicarboaluminate phase is first observed, transforming latter to 
monocarboaluminate. The precipitation of TAH phase is identified in the OPC rich formulations.  
 
 
Fig. 8.1: Schematic representation of the formation of hydrate phases during the hydration of one OPC‒rich 
formulation. Phase abbreviation: (Ms) for monosulphoaluminate, (Hc) for hemicarboaluminate and (Mc) for 
monocarboaluminate. 
 




The phase is expected to form also in the plain Portland cement. Finally, thermodynamic modelling 
predicts the precipitation of Si‒hydrogarnet phase (with iron incorporation) in the OPC rich 
combination (Fig. 7.3). However, the phase was not experimentally observed herein and further 
experimental research is needed to confirm or negate this occurrence. Furthermore, it could not be 
resolved if there is no AH3 precipitation in the OPC/rich formulation or if is mainly amorphous or 
very low crystalline. The formation of the latter was neither predicted from thermodynamic 
modelling. 
The hydrate phase assemblage in the CAC‒CSതHX rich systems completely differs from that of OPC‒
rich combinations. Ettringite, AH3 and monosulphoaluminate are the main hydration products. 
Monosulphoaluminate results from ettringite destabilization, whereas AH3 precipitates as a byproduct 
along with the aforementioned phases. 
 
Fig. 8.2: Schematic representation of the formation of hydrate phases during the hydration of one CAC‒CSതHX 
rich formulation. Phase abbreviation: (Ms) for monosulphoaluminate.  
The hydration of silicate phases such as C2S and C2AS lead to the formation of strätlingite and Si‒
hydrogarnet phases. Calcium aluminate hydrate phases such as CAH10 or C2AH8 may also form. In 
contrast with the OPC‒rich formulations, the precipitation of TAH phase was not observed in the 
CAC‒ rich systems. In the studied formulations, the precipitation of C‒S‒H was not resolved 
experimentally and their formation was neither predicted from thermodynamic modelling.  
Most importantly, in all hydrated systems, the formation of high amounts of X‒ray amorphous 
fraction is found and its content increases with time. In the OPC‒rich systems, C‒S‒H accounts for 
almost 70% of the X‒ray amorphous fraction and the rest is attributed to AFm phases and TAH. In the 
CAC‒rich formulations the major contribution is denoted to AH3 and AFm phases. Additionally, 
during hydration a part of ettringite and portlandite were found to be in an amorphous X‒ray state, 
most likely in a nanocrystalline state, hence their contents are undermined when quantified by XRD.  




Distribution of hydrate phase quantities in the ternary diagram.  
Based on the thermodynamic data collected in this work, a visualization of the variation of the 
quantities of the hydrate phases overall the ternary diagram OPC‒CAC‒CSതHX is depicted. Fig. 8.3 
shows the amount of C‒S‒H, portlandite, ettringite and monosulphoaluminate formed upon 90 days 
of hydration. The respective graphs for AH3 and strätlingite are shown in Fig. 8.4. C‒S‒H together 
with portlandite (Fig. 8.3 a, b) are mostly located in the region close to the plain Portland cement. The 
content of both phases decreases towards lower Portland cement contents. Both phases are absent in 
the region with low OPC (< 30 mass %).  
 
Fig. 8.3: Distribution of hydrate quantities in the ternary diagram OPC‒CAC‒ CSതHX upon 90 days of 
hydration. (a) C‒S‒H, (b) portlandite, (c) ettringite and (d) monosulphoaluminate in g/100 g paste.  
Ettringite is present almost in the entire range of the ternary diagram with the exception of the regions 
where the plain CAC and sulphate are located. Maximum ettringite contents are found in the region 
close to the binary binder S6. The same applies to the monosulphoaluminate phase.  
AH3 phase is present in the region with high amount of CAC and sulphate, reaching its maximum 
amount in the area close to the plain CAC. In the region with high amounts of OPC (> 85 mass ‒ %) 
and low amounts of sulphate (< 35 mass ‒ %) AH3 is absent.  





Fig. 8.4: Distribution of hydrate quantities in the ternary diagram OPC‒CAC‒ CSതHX upon 90 days of 
hydration. (a) AH3, and (b) strätlingite in g/100 g paste.  
Strätlingite is only found in a very restricted area of the CAC‒CSതHX‒rich formulations. By the 
comparison of Fig. 8.3 and Fig 8.4 it can be seen that both strätlingite and AH3 do not coexist with 
portlandite and C‒S‒H in specific areas of the ternary diagram.  
 
It must be pointed out, that the diagrams depicted herein are based on the investigation of a limited 
number of ternary systems. The investigation of other combinations of OPC, CAC and sulphates, 
apart from those shown in here, is recommended in order to increase the precision of the distribution 
of phases overall the ternary diagram.  
 




9 Conclusions and future work 
 
9.1 Conclusions  
This dissertation aimed to investigate the mineralogical development of hydrated ternary binder 
systems with a special focus on the characterization and quantification of hydrated X‒ray amorphous 
phases. An in‒depth study was conducted in selected formulations of the ternary diagram OPC‒CAC‒ 
CSതHX  by combining XRD, TGA, 27Al NMR, 29Si NMR spectroscopy and thermodynamic 
calculations. Investigations on the influence of raw materials and water content variation on the phase 
assemblage of ternary systems were also carried out.  
The main observations and conclusions related to the mineralogical composition of ternary systems 
are as follows: 
 In all studied formulations high fractions of X‒ray amorphous phases form and the content 
increases as a function of time. The increase of amorphous content is strongly pronounced 
during the transition of ettringite to monosulphoaluminate. At 90 days of hydration values 
above 50 g/100g paste of apparent amorphous content were reported. 
 As the mineralogical composition of crystalline and X‒ray amorphous hydrates in ternary 
binder systems is concerned, the following is concluded: 
i. In the plain OPC and OPC‒rich formulations C‒S‒H, portlandite and AFm phases 
such as monosulphoalumiate, monocarboaluminate and hemicarboaluminate stand as 
main hydration products. Besides the aforementioned phases, the formation of the 
TAH phase takes place as a result of the mutual attraction between C‒S‒H and AFm 
layers which are oppositely charged. The presence of the TAH phase can be identified 
only by means of 27Al MAS NMR due to its amorphous nature. The C‒S‒H gel 
accounts for ~ 70% of the X‒ray amorphous. The rest is attributed to AFm, TAH, 
CH, and AFt phases. 
ii. In the CAC ‒ CSതHX rich formulations ettringite, monosulphoaluminate and AH3 stand 
as main hydration product along with strätlingite and Si‒hydrogarnet phases. The 
TAH phase is not identified in the CAC ‒ CSതHX rich systems. The occurrence is due 
to the formation in very low amounts or even absence of the C‒S‒H phase in the 
latter systems. AH3 accounts for ~30 % of the X‒ray amorphous fraction, whereas the 
rest is attributed to the AFm, C‒A‒H and AFt phases. 
 The X‒ray technique underestimates the amount of portlandite and ettringite phases compared 
to thermal analysis, MAS NMR and stoichiometric calculations. This is due to the fact that 




during hydration, a portion of both hydrates is in an X‒ray amorphous state. The crystallinity 
of ettringite increases as a function of time 
 
The observations and conclusions related to the influence of sulphate source, CAC type and water 
content in the hydration mechanism and hydrate phase assemblage in the ternary binders are as 
follows: 
Influence of sulphate source type 
The overall hydration mechanisms in both OPC‒rich and CAC‒ CSതHX rich combinations are similar 
in presence of gypsum or anhydrite and the hydrate phase assemblage remains unchanged, 
independently of used sulphate source. The main differences are related with the kinetics of the 
hydration reactions, due to the different dissolution kinetics of the sulphate source. That is: 
 In all studied formulations, in agreement with the data reported in the literature gypsum 
exhibits a faster dissolution kinetic as compared to anhydrite.  
 Due to the fast dissolution kinetics of gypsum, during the first 24 hours of hydration, more 
ettringite is forms in the gypsum ‒ bearing pastes compared to the analogues samples, 
whereas at long hydration ages, anhydrite ‒ bearing samples develop the highest amount of 
ettringite. In addition, the use of anhydrite as a sulphate source stabilizes the ettringite phase 
and lower amounts of AFm phases precipitate in the respective samples, as compared to the 
gypsum‒ based pastes.  
 Higher amounts of X‒ray amorphous form in the gypsum‒bearing pastes that could be 
explained with the formation of large quantities of AFm phases. 
 
Influence of CAC type in CAC‒ CSതHX rich systems 
The variation of calcium aluminate type greatly influences the mechanism of phase formation in the 
CAC‒ CSതHX rich systems. For instance: 
 The use of high alumina CAC decreases the stability of ettringite, thus enhancing the 
conversion from AFt to AFm phases.  
 The mechanism of stratlingite formation depends on the used CAC. In the medium alumina 
CAC‒based pastes strätlingite is a hydration product of the C2AS phase, whereas in the low 
alumina results from the reaction of C2S with AH3 gel. In the high alumina CAC‒based pastes 
the presence of strätlingite is associated with the reaction of aluminate ions with C‒S‒H or C‒
A‒H gel formed around belite particles. The use of low alumina CAC (rich in iron) increases 
the level of complexity of the hydration mechanism and besides the aforementioned phase, 




the formation of Si‒hydrogarnet with iron incorporation takes place, most likely as a 
hydration product of the C2S phase.  
 Besides C2AS phase, the CA2 phase present in the high alumina CAC pastes shows hydraulic 
activity after 1 day of hydration, that results in additional precipitation of AH3 along with 
CAH10. 
 The reaction degree of the CA phase decreases with the increase of alumina content in the 
CAC cement. The occurrence could be explained by taking into account the formation of an 
impermeable hydrated layer around the CA particles, being denser in the high alumina CAC 
based formulations.  
 
Influence of water content  
 A reduction in the extent of hydration is observed at the lower w/b ratio (w/b = 0.32 and w/b 
= 0.4) due to the lack of sufficient water for complete hydration and reduction in the 
availability of space. 
 In the OPC rich formulation, C‒S‒H, portlandite and ettringite and AFm phases forms across 
all w/b ratios. At hydration ages starting from 28 days, across all w/b ratios, portlandite and 
ettringite contents are broadly similar. In the CAC ‒ CSതHX rich pastes at w/b ratio of 0.32‒0.4 
ettringite AH3 and monosulphoaluminate are the main hydration products. The crystallinity of 
monosulphoaluminate increases with the increase of water content due to the enlargement of 
available space for crystallization. At w/b ratios in the range of 0.5‒0.9, besides ettringite, 
monosulphoaluminate and AH3 the formation of strätlingite, siliceous‒hydrogarnet and C‒S‒
H phases occurs. 
 
9.2 Perspectives  
The results reported in this dissertation present a comprehensive characterization of the crystalline and 
X‒ray amorphous hydrates formed in ternary binders. It is believed that these findings can lead to a 
better understanding of the hydrate phase formation and hydration mechanism of such complex 
systems. Information on the development of hydrate phases as a function of time can be further linked 
with technological properties such as shrinkage, expansion, strength and porosity.  
However, the work leaves several open questions. First, the work herein concentrates on a limited 
number of formulations and investigation on a wider range of the ternary diagram is needed to obtain 
a full picture of the phase development among the different mixtures. The influence of OPC/CAC and 
CAC/ CSതHX ratios should be investigated. 




Additionally, one of the most relevant conclusions of this work is the formation of X‒ray amorphous 
ettringite. Considering the role of ettringite in the expansion mechanism of cementitious systems, an 
in‒depth study conducted in mixtures of pure C3A and CA phases with sulphate is required in order to 
achieve a full understanding on the formation of the latter phase. Besides wide angle scattering at 
distinct points of hydration, the use of In‒situ X‒ray diffraction, 27Al MAS NMR along with Small 
Angle Scattering combined with Pair Distribution Function is recommended.  
The application of the G‒factor method would be also helpful to investigate the influence of additives 
in hydrate precipitation. Further research is also needed to elucidate the role of phases such as C2S, 
C4AF, C2AS and CA2 in the hydration mechanism of ternary binders, due to their influence in the 
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A.1 Techniques used for the characterization of raw materials  
X‒ray fluorescence 
The chemical composition of the raw materials was assessed by X‒ray florescence. In the XRF, high 
energy incident X‒ray radiation ionizes atoms of the studied sample by ejecting electrons from the 
atoms’ low energy shells. To bring such ionized atom back to a stable configuration an electron from 
a high energy shell falls into the created space of low energy. The difference between high and low 
energy of the electron is characteristic of the atom and is emitted as a fluorescent X‒ray. In this work, 
the measurements were conducted in a S8 TIGER spectrometer form Bruker.  
 
Particle size distribution  
The particle size distribution of the raw materials was measured in dry condition with a parallel beam 
laser diffraction set‒up (ISO 13320) from HELOS KFS‒MAGIC. The measurements were carried out 
in the range size from 0.9 μm to 350 μm. 
 
Specific surface are and density 
The specific surface area of the raw materials was determined according to the Blaine method (DIN‒




A.2 X‒ray diffractograms and Rietveld refinement indexes 
In the following section, the X‒ray diffractograms of the raw materials along with Rietveld 
refinement patterns are given. Visualization of the Rietveld refinements for selected hydrate 
formulations are also shown. Table A.1 summarizes Rwp and Rexp and χ2 = (Rwp/Rexp)2 indexes, 
obtained for all investigated formulations, as an indication of the agreement between the experimental 









Fig. A.1: (a) X‒ray diffractogram of White OPC 42.5 R (WP) with assigned peaks. (b) Refined pattern from the Rietveld analysis of the White OPC 42.5 R (WP) sample. 
The measured pattern is shown in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The 










Fig. A.2: (a) X‒ray diffractogram of OPC 42.5 R (P) with assigned peaks. (b) Refined pattern from Rietveld analysis of the OPC 42.5 R (P) sample. The measured pattern is 
shown in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The agreement indexes from the 











Fig. A.3: (a) X‒ray diffractogram of Secar 51® (M) with assigned peaks. (b) Refined pattern from Rietveld analysis of the Secar 51® (M) sample. The measured pattern is 
shown in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The agreement indexes from the 










Fig. A.4: (a) X‒ray diffractogram of Fondu® (L) with assigned peaks. (b) Refined pattern from Rietveld analysis of the Fondu® (L) sample. The measured pattern is shown 
in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The agreement indexes from the refinement 











Fig. A.5: (a) X‒ray diffractogram of Secar 71® (H) with assigned peaks. (b) Refined pattern from Rietveld analysis of the Secar 71® (H) sample. The measured pattern is 
shown in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The agreement indexes from the 










Fig. A.6: (a) X‒ray diffractogram of gypsum (G) with assigned peaks. (b) Refined pattern from Rietveld analysis of the gypsum (G) sample. The measured pattern is shown 
in blue, the refined pattern is shown in red and the difference plot between the experimental and calculated data is shown in gray. The agreement indexes from the refinement 










Fig. A.7: (a) X‒ray diffractogram of the α‒hemihydrate (HH) with assigned peaks. The abbreviation B refers to the bassanite phase. (b) Refined pattern from Rietveld 
analysis of the α‒hemihydrate (HH) sample. The measured pattern is shown in blue, the refined pattern is shown in red and the difference plot between the experimental and 










Fig. A.8: Refined pattern from Rietveld analysis of S1‒WP paste at 6 hours of hydration. The measured pattern is shown in blue, the refined pattern is shown in red and the 










Fig. A.9: Refined pattern from Rietveld analysis of S2‒WPMG paste at 6 hours of hydration. The measured pattern is shown in blue, the refined pattern is shown in red and 










Fig. A.10: Refined pattern from Rietveld analysis of S5‒WPMG paste at 6 hours of hydration. The measured pattern is shown in blue, the refined pattern is shown in red and 











Fig. A.11: Refined pattern from Rietveld analysis of S6‒MG paste at 6 hours of hydration. The measured pattern is shown in blue, the refined pattern is shown in red and the 






Table A.1: Agreement indexes obtained for all the refined samples. 
Formulation Time (days) Rwp Rexp χ2 
S1‒WP 
0.25 5.96 3.81 2.45 
1 5.90 3.81 2.40 
7 5.91 3.78 2.44 
28 6.10 3.84 2.52 
56 6.42 3.79 2.87 
90 6.41 3.84 2.79 
S2‒WPMG 
0.08 5.25 3.72 1.99 
0.25 5.23 3.71 1.99 
1 5.86 3.71 2.49 
7 6.72 3.65 3.39 
28 6.39 3.65 3.06 
56 6.73 3.73 3.26 
90 6.66 3.71 3.22 
S2‒WPMA 
0.08 5.26 3.77 1.95 
0.25 5.10 3.75 1.85 
1 5.72 3.71 2.38 
7 6.01 3.70 2.64 
28 6.04 3.74 2.61 
56 6.43 3.76 2.92 
90 6.40 3.77 2.88 
S5‒WPMG 
0.08 6.06 3.55 2.91 
0.25 5.13 3.51 2.14 
1 5.35 3.49 2.35 
7 5.34 3.44 2.41 
28 5.53 3.44 2.58 
56 5.89 3.58 2.71 
90 6.12 3.57 2.94 
S5‒WPMA 
0.08 6.51 3.54 3.38 
0.25 5.98 3.52 2.89 
1 5.59 3.51 2.54 
7 5.23 3.48 2.26 
28 5.24 3.46 2.29 
56 5.02 3.61 1.93 
90 5.26 3.56 2.18 
S6‒MG 
0.25 5.38 3.44 2.45 
1 5.30 3.43 2.39 
7 4.99 3.49 2.04 
28 5.03 3.45 2.13 
56 5.16 3.56 2.10 
90 5.29 3.57 2.20 
S6‒MA 
0.25 5.02 3.52 2.03 
1 4.84 3.50 1.91 
7 4.91 3.48 1.99 
28 4.77 3.48 1.88 
56 5.21 3.56 2.14 
90 5.17 3.54 2.13 
S5‒WPLG 
0.25 4.42 3.41 1.68 
1 4.49 3.39 1.75 
7 4.66 3.36 1.92 
28 4.91 3.37 2.12 
56 4.99 3.36 2.21 






0.25 6.09 3.55 2.94 
1 6.50 3.51 3.43 
7 6.24 3.48 3.22 
28 6.40 3.47 3.40 
56 6.59 3.54 3.47 
90 6.57 3.55 3.43 
S6‒LG 
0.25 4.49 3.35 1.80 
1 4.50 3.35 1.80 
7 4.54 3.32 1.87 
28 4.82 3.26 2.19 
56 4.62 3.27 2.00 
90 4.73 3.19 2.20 
S6‒HG 
0.25 6.94 3.45 4.05 
1 6.45 3.45 3.50 
7 6.59 3.43 3.69 
28 7.53 3.40 4.90 
56 7.52 3.50 4.62 
90 7.71 3.46 4.97 
S2‒PLH‒0.32 
1 5.36 3.65 2.16 
7 5.35 3.649 2.15 
28 5.11 3.65 1.96 
56 5.17 3.58 2.09 
90 5.02 3.63 1.91 
S2‒PLH‒0.4 
1 5.37 3.65 2.16 
7 5.23 3.63 2.08 
28 4.92 3.64 1.83 
56 4.97 3.60 1.91 
90 5.10 3.59 2.02 
S2‒PLH‒0.5 
1 5.35 3.72 2.07 
7 5.13 3.65 1.98 
28 5.06 3.59 1.99 
56 5.19 3.61 2.07 
90 5.25 3.60 2.13 
S2‒PLH‒0.75 
1 5.48 3.63 2.28 
7 5.22 3.63 2.07 
28 5.20 3.62 2.06 
56 5.66 3.60 2.47 
90 6.08 3.57 2.90 
S5‒PLH‒0.32 
1 4.31 3.29 1.72 
7 4.32 3.34 1.67 
28 4.19 3.27 1.64 
56 4.28 3.23 1.76 
90 4.55 3.25 1.96 
S5‒PLH‒0.4 
1 4.23 3.27 1.67 
7 4.39 3.24 1.84 
28 4.69 3.26 2.07 
56 4.53 3.25 1.94 
90 4.40 3.28 1.80 
S5‒PLH‒0.5 
1 4.803 3.23 2.21 
7 4.34 3.25 1.78 
28 4.53 3.245 1.95 
56 4.68 3.215 2.12 
90 4.65 3.221 2.08 





S5‒PLH‒0.65 1 4.18 3.24 1.66 
7 4.40 3.22 1.87 
28 4.56 3.24 1.98 
56 4.63 3.19 2.11 
90 4.71 3.27 2.07 
S5‒PLH‒0.75 
1 4.30 3.26 1.74 
7 4.42 3.20 1.91 
28 4.54 3.22 1.99 
56 4.58 3.21 2.04 
90 4.75 3.19 2.22 
S5‒PLH‒0.9 
1 4.21 3.23 1.70 
7 4.58 3.19 2.06 
28 4.83 3.17 2.32 
56 4.76 3.19 2.23 
90 4.88 3.21 2.31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
